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LIQUEFACTION AT PREPYROLYSIS TEMPERATURES

Christopher 0. Onu and Theodore Vermeulen
Energy and Environment Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering
University of California, Berkeley, California 94720

ABSTRACT

Coal liquefaction processes currently under development
operate with thermal decomposition of coal. This step is non-
selective, and wastefully forms light hydrocarbon gases and
refractory char as byproducts. It requires severe operating
conditions (over 400°C and 100 atm.), giving rise to high
capital costs, and relatively low thermal efficiencies.

In the present study, coal liquefaction has been investi-
gated under milder, more selective conditions, utilizing a
zinc chloride-methanol melt as a liquid-phase catalyst. Oper-
ating at 275°C with 35-55 atm. of H2, this catalytié medium
has been found to give over 95% conversion of Wyodak sub-
bituminous coal to solvent-extractible, but not yet truly
liquid, products. The products are identified in a standard
manner as oils, asphaltenes, and preasphaltenes, with hydro-
gen-to-carbon atomic ratios in the ranges of 1.2-1.4, 1.0-1.1,
and 0.8-0.9 respectively.

Many co-catalytic systems, including finely powdered
metals, inorganic salts, bifunctional complexants, and wetting

agents, were studied as possible activators for zinc chloride
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which would improve the yield of oils. The addition of
finely powdered metallic zinc to the zinc chloride-methanol
melt was most effective of the materials investigated, in in-
creasing the yield of oils. It is not yet known whether the
favorable behavior of zinc metal is exerted in a finely di-
vided metallic form, or is»due to its forming liquid-phase
monovalent zinc ion.

Increasing the reaction temperature for coal conversion
appears to accelerate some wanted reactions and decelerate
others. Because of this, a progression of two or more reac-
tion temperatures was investigated, and was found to increase
overall conversion, while retaining a high yield of oils.
First-stage treatment at 275°C proved preferable to pretreat-
ment at either 250° or 300°C. For second-stage treatment,
3259C proved preferable to either 300° or 340°C and then
brought about a substantigl product improvement, including a
54% yield of oils.

Preasphaltenes (pyridine-soluble but toluene insoluble)
were observed to vary greatly in their properties. Those ob-
tained at 325°C are considerably different from those ob-
tained at 275°-300°C. The higher«témperature preasphaltenes
begin to melt at 200°C, and nearly 30% have melted by 400°c,
whereas the lower-temperature preasphaltenes do not melt be-
low 400°C. 1In gel-permeation chromatography studies, the
higher-temperature preasphaltenes show a lower average
molecular weight with fewer aromatic fused rings. Scanning

electron microécopy (SEM) studies confirm a complete
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structural change in the original coal taking place in the
325°C treatment, compared with the effects at 275° or 300°C.
Solubilization of wood, as chips or flour, and of wood-
derived lignin and cellulose has been exémined in the zinc
chloride-methanol catalytic medium. Experiments show a
carbon recovery of 79% for cellulose and 90% for both wood‘
flour and chips. Under treatment, wood changes markedly in
form and oxygen content before solubilization begins, as
shown by both SEM examination and elemental analysis. At low
solubilization, thé bulk of the wood is converted to pre-
asphaltenes, with asphaltenes and oils being formed and addi-

tional oxygen being removed as the reaction progresses.

* k %

This work was performed in the Lawrence Berkeley Labor-
atory, Energy and Environment Division, under the sponsorship
of the U. S. Department of Energy, Office of Energy Research,
Division of Chemical Sciences, under Contract W-7405-ENG-48.



iv

TABLE OF CONTENTS

Chapter

I.

IT.

INTRODUCTION

Need for Coal and Biomass Liquefaction
Coal Chemistry and Structure

Coal Liquefaction Processes

Coal Liquefaction Using Zinc Chloride

Zinc Chloride Studies with Model Compounds
Background for Biomass Studies

Availability of Biomass as an Energy
Feedstock

Chemical Structures of Biomass
Components

Chemical Liquefaction of Wood and
Wood Components

Biomass Conversion Processes

Objectives and Scope of this Research

EXPERIMENTAL PROGRAM
Materials
Coal Studies
Biomass Studies
Equipment

Experimental Procedure

15
18

20

20

23

27

29

31

35
36
36
36
41

41



Analytical Procedures

Calculation Procedures

III. RESULTS OF COAL INVESTIGATIONS
Effect of Co-Catalysts and Additives
Metal Additives
Further Studies with Zinc Metal
Zinc Oxide as an Additive
Inorganic Salts
Complexants
Wetting Agents
Other Catalytic Systems
Antimony Chloride
Phosphoric Acid
Calcium Chloride with Zinc Chloride
Effect of Reaction Variables
Temperature
Staging and Time
Methanol Loading
Coal Particle Size
Additional Investigations
Pressure-Time Data
Analytical Results
Scanning Electron Microscopy

Gel-Permeation Chromatography

Page
53

61

66
67
67
67
72
76
79
81
81
83
85
86
88
90
90
103
108
108
113
121
121

131



vi

Page

Melting Point of MTC Fractions 135
Solid State cp-13c wMR 142

Gas Analyses 143
Discussion 152

IV. RESULTS OF BIOMASS INVESTIGATIONS 157
Reactivity of Wood and Wood-Related Materials 158
Effect of Temperature 160
Reaction Time 160
Hydrogen Pressure 164
Methanol Loading 171
Oxygen Recovery 171
Pressure-Time Data 175
Analytical Results 181
Scanning Electron Microscopy 181
Gel~-Permeation Chromatography 189
Melting Point Determination 195
Discussion 199
V. SUMMARY AND CONCLUSIONS 201
"Coal 202
Biomass - 205

References 209



Appendices

Appendix A -

Appendix B =

Appendix C -

vii

Pressure Variation with Time
Data Obtained in Coal Studies

Pressure Variation with Time
Data Obtained in Biomass Studies

Roster of Experiments

Page

221

226

232






CHAPTER I

INTRODUCTION




NEED FOR COAL AND BIOMASS LIQUEFACTION

The projected U.S. energy flow diagram for 1980 (Al) is
given in Figure 1, based on the energy demands of the early
1970's. However, the recent setting of an 8.2 million
barrel/day limit on importation of crude oil and the growing
opposition to the establishment of new nuclear plants, re-
ducing the contribution of the nuclear sector to energy sup-
ply, has affected the accuracy of this diagram.

Imported crude oil represents 47% of the total crude oil
requifement, and nearly 56% of the total requirement will be
utilized in the transportation sector. It is clearly evident
that if the dependence of the U.S. on imported crude oil is
to be reduced, alternative sources of energy must be developed
rapidly that can be utilized in the transportation sector.

The increasingly unfavorable political climate and the
growing time lag for nuclear power plant construction dras-
tically reduce the probably contribution of the nuclear sec-
tor to overall energy generation. For gas, there has been
limited success in utilizing it at a level to drastically re-
duce the need for imported petroleum.

Fortunately, coal is abundant in\the U.S. by almost any
measure. The lower 48 states contain about one-third of the
known economically recoverable coal reserves in the world
(S1). In the unlikely event that all the‘énergy consumed by
the U.S. were to be supplied by coal, Parent (Cl) notes "the
lower figure of the estimated remaining recoverable gquantity

(1036x109 tons) would suffice for over a century at zero
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growth, and for 64 years at a growth rate of 4% per year." 1In
addition, roughly half of the economically recoverable seams
are located in areas of low population density and are surface
mineable. 1In the short term, coal consumption is projected to
be limited by demand rather than by supply, since most of the
Aexisting mines are operating below maximum capacity.

Thus coal appears destined to play an important role in
the energy future of this country, especially through lique-
faction for producing liquid products needed in the transpor-
tation sector.

Direct use of solar energy as a major energy source pre-
sents considerable technical difficulties, and may prove pro-
hibitively expensive in the future. However, the indirect use
of solar energy through its.capture and storage by plant pho-
tosynthesis may become increasingly attractive. Biomass re-
presents a large and long-term renewable resource of feedstock
for energy conversion processes. The low pollution level
associated with biomass utilization is another advantage of
its conversion and use as liquid fuels. o

It is estimated that crop, forestry, and manure residues
amount to 430 million dry tons withig the continental United
States (A2): 280 million tons of crop wastes, 30 million tons
of livestock and'poult;y manure, and 120 million tons of
logging residues. Their seasonality, lack of guaranteed
availability, and large storage volume per unit of heat re-
lease are offsetting disadvantages which indicate that indi-

vidually biomass materials will have modest impacts, but in



the aggregate, they are likely to contribute substantially to

the energy supply.

COAL CHEMISTRY AND STRUCTURE

The design of an optimum process for converting coal to a
ligquid fuel demands that the chemical and physical character-
istics of coal be well understood. Coal is a complex matrix
of very large nonvolatile insoluble organic molecules, with
minor amounts of volatile or solvent-extractible compounds
trapped within the matrix (L1, T1, El). Both the matrix and
the trapped compounds are products which originated from
plants by way of the geological coalification process. The
original plant material comprising well ordered polymers such
as cellulose and lignin appears to have evolved to varying
extents along a path defined by humic acid, peat, lignite,
sub-bituminous coal, bituminous coal, and finally anthracite
(W1, H1, R1, DI1).

Coal contains a significant internal pore structure. Van
Krevelen and Zwietering (27) applied Ritter and Drake's meth-
od of mercury penetration to the stqdy of coal and suggested
that coal contains two pore systems; a micropore system
(size range below 12 g) and a macropore system (size range
above 200 g). Medeiros (M13) using the adsorption of gases’

(COZ’ CF and Ar) determined that the majority of the

4' NZI
o ° o O i .

pores in Wyodak sub-bituminous coal are 4 A in diameter. How-

ever, this demonstrates that the interior of the coal parti- -

cles is relatively inaccessible for.chemical conversion



methods.

Whitehurst (W2), by using l3C NMR techniques, determined
that the carbon in Wyodak sub-bituminous coal is aboﬁt 63%
aromatic. Various oxidative-degradation techniqdes have also
been utilized in determining the nature and abundance of aro-
matic units in coal (H1-2, I3-5, Wl4). Interpolation of such
data (S5) shows three-ring or more complex structures are re-
latively few.

Inverse degradative techniques, which destroy aromatic
units in coal and leave the aliphatic structures relatively
untouched, have been utilized in determining the nature of
the aliphatic network in coal (D2, 3). Applied to Wyodak
coal, this technique showed that about 23% of the hydrogen oc-
curs in aliphatic links and side chains.

Oxygen is relatively abundant in coal. Herskowitz (H10),
by chemical analysis of coal, determined the distribution of
hydroxyl and carbonyl oxygen, and calculated thekremainder
(largely ether oxygen) by difference. For Wyodak sub-bitumin-
ous coal, with an oxygen content of about 20%, the distribu-
tion found was 3.26% hydroxyl, 1.00% carbonyl and 15.7% ether
oxygen. |

The concentration of organic sulfur in Whydak coal is low,
ébout 1%. The distribution of sulfur groups in several coals
has recenﬁly been studied by Attar and Dupius (A3). They
estimated that about 25% of the organic sulfur in sub-bitumin-
oué coals occurs as aliphatic and alicyclic sulfides, about

20% as thiols, and the rest as thiophenes and condensed



thiophenic structures.

Systematic studies of nitrogen compounds in coal tar and
in liquefaction products suggest that much of the nitrogen . is
bound in simple and condensed pyridines (S2-4). Also amines
are believed to be présent and to be the source of ammonia
which coal releases during pyrolysis. The nitrogen content
of Wyodak coal is also about 1%.

Metal oxides and salts constitute the mineral matter of
coal. Some of the mineral matter is dispersed within the or-
ganic structure as organic-bound cations (M12).

Various chemical characterization techniques including
chromatographic, wet-chemical, spectroscopic, and more re-

13C NMR technique (de-

cently solid-state cross polarization
veloped by Pines,Pl)” have been utilized by researchers to
elucidate the structure of coal. Heredy and co-workers
(H3-5) demonstrated that -CH, - and —CHZ-CH2~ bridges connect
aryl groups in coal, while recent work by Raaben (R2) on con-
trolled oxidation of coal also suggests the presence of some
longer aliphatic connecting chains, at least up to CL. Numer-
ous condensed aromatic structures have been isolated. Based
on these results and many other coal structural studies, sev=-
eral investigators (W3, B2, K1, Ml) have concluded that the
coal molecule consists of aromatic and hydroéromatic structur-
al units linked principally by relatively weak aliphaﬁié
bridges and other linkages.

A model of sub-bituminous coal constructed.by Shinn (S5)

based on studies by Farcasiu and others at Mobil Research and



Development Company (W1, I6) is shown in Figure 2.

COAL LIQUEFACTION PROCESSES

In order to liquefy coal, chemical reactions must not only
rupture the aliphatic links connecting the aromatic moities,
but also reduce the size of the polynuclear aromatic struc-
tures. The molecular structure must be transformed so that it
contains very few three-ringed and almost no four-ringed or
larger aromatic molecules. PerhapsAthe most significant para-
meter which marks the conversion of coal to liquid oil is the
hydrogen content. Representative atomic H/C ratios for coal
and other fuels are shown in Figure 3. The hydrogen content
of the coal utilized in this study is 5%, whereas crude petro-
leum contains hydrogen to the extent of 11 to 14%. The need
to protect the atmospheric environment makes the removal of
heteroatoms--nitrogen and sulfur, generally as NH3 and
H28~-not only desirable but imperative. This underscores the
importance of hydrogenation in converting coal to liquid pro-
ducts. To improve the fluidity (or pumpability) and combus-
tibility of the o0il products from coal, the removal of ash
from reaction products ia also essen£ial.

The various coal liquefaction processes under development
deal with these fundamental problems. All existing processes
operate above coa1~prolysis temperatures (above 40000) at
high pressures (over 1500 psig). Under these severe condi-
tions, the reactions are not selective, and a wide range of

products are formed including many undesirable ones. These



Figure 2 . Model of sub-bituminous coal structure (after Shinn, S5yg gp3-8673
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undesirable products include light hydrocarbon gases which
aggravate hydrogen consumption,'and.refractory char which re-
quires special treatment to liquefy or burn. By virtue of the
severe conditions of temperature and’préssuré utilized, these
processes consume considerable energy and require expensive
equipment.

The various liéuefaction processes summarized in Table 1
utilize different approaches (Il)Q These include indirect
liquefaction, pyrolysis, solvent extraction, and catalytic 1li-
quefaction.

Indirect liquefaction, an alternate process, starts with
complete gasification to carbon monoxide and hydrogen as the
first step, at 900°C in the_presence of oxygen and steam. The
carbon monoxide is then hydrogenated catalytically with yields
of liquid hydrocarbons of the order of 1.8 barrels/ton of coal.

The simplest approach to production of liquids from coal
is pyrolysis, which involves heating in the absence of exter-
nal caﬁalysts and hydrogen-donor solvents. Chemical bonds in
coal are ruptured thermally, and the reactive fragménts gener-
ated are stabilized with hydrogen from hydroaromatic struc-
tures in coal. The inadequate capping agents lead to consi-
derable production of .char and gaseous products. The Occiden-
tal pyrolysié process, through high-speed heating, involves a
total residence time of‘less than thirty secondé;‘and achieves
a higher conversion to liquid products than the COED process.
The difficulty.in locating a market for the char by-product,

because of its impurities (high sulfur and ash content) and



Table 1

Operation Conditions and Yields of Major Processes for
Conversion of Coal to Clean-Burning, Liquid and Solid Fuels-

Process

Approx. Yield (%)

Temperature Pressure . Ligquid A Gas Char Comments
(°c) (psiq)
COED 315~455~ - 20 17 60 Multistage fluisized-bed pyrolysis,
535-870 with 4th-stage gas and char recycle.

Occidental 500 15 35 7 58 Uses small particles, e.g., 25 pm.

Pyrolysis High-speed heating, preheating, reac=-
tor residence time less than 30 secs.

Solvent Refined 440 2000~-3000 75 5 20 Product is solid at ambient temperature.

Coal I

Solvent Refined 440 2000~3000 70 10 20 Ashless distillate fuel containing less

Coal IX than 0.4% sulfur is primary product.

Exxon Donor 440-480 1500~2500 50 15 35 Product is liquid at ambient temperature.

Solvent V '

H-Coal 450 2700 75 20 5 Ebulated bed reactor with CoMoO catalyst.

Consol 425 4200 75 15 10 Conoco estimates ZnCl, processing will
save 8 to 16% of cost“over H-Coal
process. ZnCl2 recovery of 99.6% has
been achieved!

Univ. of 500-550 2000 60 10 30 Short contact time (10-20 sec) without

Utah

solvent.

(AN
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the Tifficulty in igniting and ‘burhing when';ompared with
coal, threatens the prospects for commercializing any pyro-
lytic liquefaction process.

The use of hydrogen-donor solvents as a pyrolytic medium
in coal liquefaction has been carefully investigated (G2,
Fl). The solvent not only helps stabilize thermally produced
reactive fragements, but also prevents agglomeration and |
sticking of coal particles and facilitates pumping into high-
pressure zones. The nature of the product is directly re-
lated to the amount of hydrogen added. By adding 1 to 2 wt-%
hydrogen, as in the traditional solvent refined coal (SRC)
process, a product which is solid at room temperature is pro-
duced; whereas addition of 3.5% to 4% hydrogen by weight re-
sults in a heavy product which is liquid at room temperature.
The Exxon Donor Solvent (EDS) process, by employing catalytic
hydrogenation in the solvent-recycle loop, produces a hydro-
gen-rich solvent which effectively hydrogenates coal and re-
presents an improvement over the solvent refined coal process.
The EDS process has already been demonstrated at a' 1 ton/day
pilot scale, and plans for a 250 t[d pilot plant are in pro-
gress. |

In order to promote product hydrogenation and hetero-
atom removal in coal liguefaction, certain commercial hydro-
desuifﬁrization catalysts such as cobalt molybdate or tung-
sten sulfide have been employed. Two processes have emerged.
The H-Coal process (H6) involves an oil slurry of finely

ground coal flowing together with hydrogen through an
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ebullating (suspended) fluidized bed of particulate cobalt
molybdate catalyst. The Synthoil process employs a fixed
bed of cobalt molybdate catalyst pellets and proceeds by a
rapid turbulent flow of coal, oil, and gas through the fixed
bed. The H-Coal process has progressed through a 3 t/d pro-
cess development unit, and construction is currently in pro-
gress to demonstrate the process at a 250 t/d4 scale.

Three processes: EDS, H-Coal, and SRC II, have been se-
lected by the Department of Energy for full-scale develop-
ment. The SRC II process evolved from the SRC I process,
designed to convert coal into a low-melting clean-burning
solid, low in sulfur and mineral matter, capable of being
solubilized in simple organic solvents. The SRC II process
yields an ashless distillate fuel containing less than 0.4%
sulfur, and is presently being demonstrated at two 50 t/d
pilot planté.

As a result of the inaccessibility of the internal pore
structure of coal to conventional solid catalysts, there has
been an extensive study of liquid catalysts that can pene-
trate the internal pores of coal. .Molten salts, particularly
SnClz, A1C13, and ZnClz, have been éttractive as coal~conver=-
sion catalysts (C2,K2). Considerations of chemical stabil-
ity, selectivity, cost, corrosiveness, and ease of recovery
from reaction products resulted in the selection of ZnCl2 as
the molten salt catalyst for cdal’conversion. Workers at
Shell 0il Company (L2, S8) found ZnCl2 a good coal hydro-

cracking catalyst. Two major applications of ZnCl2 in the
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development of coal liquefaction processes have been carried
out by the Consolidation Coal Company (Consol), which has
been continued by Conoco Coal Development Company; and by
the University of Utah.

The work at Consol (Rl, C3, P2, S10, Z1-5) involved the
application of massive amounts of ZnCl2 to coal extracts and
to various coal substrates, leading to the production of
high vields (60%) of high-octane gasoline. High recovery of
ZnCl2 (99.6%) from the spent melt has been achieved through
subliming and subsequent condensation of the ZnCl2 vapor.
Major efforts are underway to develop a 1 t/d process devel-
opment unit for converting coal to distillate fuel.

The University of Utah process employs short contact time
(10-20 sec) and small amounts of ZnCl2 (5 wt-%) with which
the coal is impregnated (W5, B3-4). The resulting liquids
were determined to be principally aromatic in nature. High
zinc recoveries (98.5 to 99.7%) have been achieved through a
combination of water, hydrochloric acid, and nitric acid
wash procedures. This process is still at the bench-scale

stage.

COAYL LIQUEFACTION USING ZINC CHLORIDE

The coal conversion processes under development nation-
wide operate at‘?ost—pyrolysis temperatures. Liquefaction is
achieved in a hydrocarbon medium through thermal degradation
followed by hydrogenation of the initial pyrolysis products

from inside the coal, from hydrogen-donor solvent, and to
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some extent from molecular H2' The thermal degradation reac-
tions, being nonselective, produce a wide range of products
including light hydrocarbon gases and refractory char. Be-
cause of the high hydrogen content of the gases, their pro-
duction aggravates the hydrogen consumption. Also, the re-
fractory char requires special processing for its utilization.

To prevent these undesirable side reactions, operation at
sub-pyrolysis temperatures would be highly desirable. The
efficacy of mild reaction conditions for the liquefaction of
coal depends upon the availability of effective catalytic
systems. Hydrogenation, hydrodesulfurization, and hydrocrack-
ing catalysts used in the petroleum industry can be applied
to hydrogenation of coal extracts. The problem is rather the
conversion of solid coal to an extract form, which:cannot be
accomplished by catalysts in a solid state. Hence, the in-
vestigation of homogeneous catalytic systems that promote
selective scission of certain bonds in the coal structure
under these mild conditions is very necessary.

Molten salts have demonstrated catalytic activity for
cracking hydrocarbons and removing heterocatoms (W9). In ad-
dition, they possess several uniqué characterisitics for
coal liquefaction. Being molten at reaction conditions,
they constitute a liquid reaction medium penetrable into the
extensive interior pore surface of the coal, so as to
achieve the neceséary coal-catalyst contacting. There is
constantly renewed liquid-at the liquid-solid surface, so

_that any poisoning of active species does not deter further
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catalysis (S11). They are efficient heat-transfer media,
thus permitting thermal stabilization of the reacting coal
at exactly their optimum reaction temperature. In addition,
the composition of the salt mixture can be adjusted to pro-
mote the desired reactions.

Of many molten salts, the chemical stability, durability,
ease of separation from reaction products, and relative
cheapness of zinc chloride have made it the focus of the
greatest attention (P3, B7, 26). In addition, the zinc
chloride catalyst is essentially inactive for hydrocracking
single-ring aromatic hydrocarbons such as benzene, thereby
enhancing its catalytic selectivity by limiting its produc-
tion of hydrocarbons below the gasoline range. It‘has equal-
ly been shown that zinc chloride promotes the liquéfaction of
coal with moderate consumption of hydrogen (22, S10, W5). A
remarkably high recovery (99.6%) of the catalyst has been re-
ported (P2).

The potential of zinc chloride as a coal liquefaction ca-
talyst under mild conditions led Derenscenyi (D4) to inves-
tigate the effectiveness of a zinc chloride-water melt in
treating coal at 200°C, obtaining én improvement of benzene
solubility from 1% for untreated coal to 3-4% with or with-
out various inorganic additives. By operating at 250°C with
600 psig hydrogen, Holten (H9) found a product pyridine sol-
ubility of 20-25%. Adding tetralin to the reaction mixture
gave about 70% conversion. Investigations of coal conver-

sion in a two phase zinc chloride/tetralin system have been
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carried out by Hershkowitz (H10); operating at 300°C with a
2-hour reaction time, he obtained as high as 56% conversion
of the coal organics to oils.

Using methanol addition in the zinc chloride melt treat-
ment, Shinn (S5) obtained product pyridine solutilities ap-
proaching 90% at ZSOOC, and 95% or better at 275°C. The ac-
tion of methanol has been multifunctional. Like water, it
depresses the melting point of zinc chloride, and the result-
ing melt gives better wetting and penetration into the coal
compared with water as depressant. Methanol complexed with
ZnCl2 appears to serve as a stabilizing agent for the reac-
tive fragments generated in the rupture of coal crosslinks.
Finally it facilitates reaction product removal, thereby more
rapidly exposing the unreacted regions of the coal particles

to attack by the melt.

ZINC CHLORIDE STUDIES WITH MODEL COMPOUNDS

As a result of the complexity and heterogeneous molecular
structure of coal, reaction-product identification’and reac-
tion-sequence interpretation are extremely difficult and in-
accurate. Chemical studies of compéunds that model the var-
ious structures in coal are therefore essential in elucidat-
ing the’chemistry of liquefaction in general and the role of
zine chloride in éérticular.

Mobley (M5) studied zinc chloride catalysis of ether-link-
age cleavage. Both cyclic and noncyclic ethers react readi-

ly in zinc chloride, provided the ether oxygen is adjacent
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to at least one methylene group, or to an aromatic ring ac-
tivated by nucleophilic substituents. Rupture of the ethers
by zinc chloride activation forms fragments which rapidly
alkylate aromatic centers. For dibenzyl and cycloaliphatic
ethers, the oxygen atom is removed completely with formation
of water. However, if the oxygen is bonded to a phenyl or
naphthyl group, then a phenolic hydroxyl group is formed,
which resists further attack. Notably, when cyclohexane is
used as solvent for dibenzylether cleavage, the parent com-
pound incorporates, and a polymer is formed; whereas when
methanol is used as a solvent at 225°C, a single major pro-
duct, methylbenzylether, is formed in 90% yield. This ex-
periment explains the methanol incorporation observed in the
present study and by Shinn (S5), which thus appears to result
from the initial scissions, mainly of carbon-oxygen bonds.

Taylor (T2) studied the cleavage by zinc chloride of
straight~chain aliphatic bridges between aromatic centers.
Working at‘BOOOC, he observed that zinc chloride fails to
cleave aliphatic bridges or direct links between unsubstitu-
ted phenyl rings, yet it readily cleaves linkages between
aromatic nuclei which contain ring—%ctivating substituents.
We judge that, since coal is known to be highly substituted
with oxygen, nitrogen, and alkyl groups, zinc chloride is
likely to catalyze the cleavage of many of the alkyl linkageé ‘
between aromatic entities. |

The reactions between zinc chloride and fused-ring struc-

tures in cyclohexane at 325%C for one hour at 1500 psig of
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hydrogen were studied by Salim .and Bell (S12). They discov-
ered that among the aromatics, naphthalene and phenanthrene
are unreactive, while anthracene hydrogenates with minor
cracking. For hydrogenation, the presence of a methyl group
on naphthalene has a minor activating’effect, whereas a hy-
droxyl group has a strong activating effect; in the latter
case, the hydroxyl group is removed. They also studied the
effect of molecular hydrogen on conversion of the aromatics
to liquid products. These results, shown in Table 2, demon-
strate that zinc chloride activates molecular hydrogen and
that the resulting hydrides serve to stabilize the reactive
fragments from bond scission. This stabilization reduces the
production of refractory char and enhances the yield of li-

quid products.

BACKGROUND FOR BIOMASS STUDIES

Availability of Biomass as an Enérgy Feedstock

Biomass is defined as organic matter such as agricultural
and forestry residues, municipal wastes, trees, grasses, and
other plants including those that can be grown specifically
for the production of fuels. The éstimated recoverable
wastes and residues available for biofuel production (A4, BS,
Ul, H1ll) are given in Table 3. Biomass resources currently
évéilable could contribute 5% of the U.S. energy consumption
at present levels by the end of the century (E2).

The cultivation of biomass in large-scale farms for the

specific purpose of fuel production, is currently the most
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Table 2. Effect of hydrogen pressure on conversion of
aromatics to liquid products. 325°C, 1500 psig;
2 mole 7% substrate in cyclohexane,
ZnClz/Substrate = 1/2 molar (data of Salim, S12).
Substrate Conversion, mole %
Substrate Gas Liquid Unreacted Polymerized
Products
Hy 68 32 0
N, 0.1 5 95\
H,y 26 74 0
N, 4 20 76
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Table 3. Estimated recoverable wastes and residues
available for biofuel production (A4, B8, Ul,

H11)
Quantity, in Total Higher
106 t/yr. Heating Value
(1015 Btu)

Municipal solid wastes 90 1.0
Municipal liquid wastes 11.5 0.2
Confined animal manures 23.5 0.4
. Lumber and paper mill wastes2 23.5 0.4
Field crop residues 90 1.6
Forestry residues’ 90 1.6
3251 5.2

T

1 Higher heating value is the heat of combustion of the
dried biomass, assumed to be 9x10©® Btu/t for MSW and
14x100® Btu/t for all others.

2 15
Above present use of about 0.85x10 Btu.

3

Includes noncommercial forest resources.
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significant issue in bioconversion. Several general systems
studies (A5, I2-3, M6) have examined the cultivation of trees
(silviculture) for fuel production. Equal attention (L3-4,
B9) has been given to the cultivation of such conventional
crops as corn, sugarcane, and grasses for conversion to fuels.
Competition with food, feed, and fiber production; higher
uses for land; water availability, uncertainty about yields;
potential social and environmental impacts; and marginal eco-
‘nomics all will limit energy farms in the near future. Consi-
derations of collection and transportation costs, seasonality,
lack of a market system or guaranteed availability, a rela-
tively small local resource scale, and storage requirements
will pose limitations on the size of biomass utilization and

conversion facilities.

Chemical Structures of Biomass Components

The chemical composition of the various biomass materials
is always similar to that of wood, with respect to major con-
stituents. Wood is heterogeneous in its anatomical makeup,
nonuniform in structure and exceedingly difficult to define
chemically. It consists essentially of inter-penetrating
components, largely of high molecular weight. The principal
components generally are classified as lignin, cellulose,
hemicellulose, and solvenﬁ—soluble substances (extractivgs);
the amounts present are in the range of 15 to 35%, 40 éé 50%,
20 to 35% and 3 to 10% respectively. These chemical compon-

ents cannot be separated quantitatively without alteration
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and degradation of their structure, due to their high mole-
cular weight, close similarity, physical (and possibly chem-
ical) bonding between components, and the high molecular
order of the wood system, which reduces the accessibility of
some components. Nevertheless, the chemistry of wood can
for the most part be described by the chemistry of its con-

stituents (B10).

Cellulose

This is the major component of cell walls of wood fibers,
making it about 50% of the wood and therefore the most abun-
dant organic chemical in the world. Cellulose is a high-
molecular-weight polymer of D-glucose units joined by P—l,
4-glucosidic bonds having the structure shown in Figure 4.
The average degree of polymerization, as deduced from the
least degraded cellulose preparations, is 7,000 to 10,000.
The influence of the crystallite regions of cellulose on the
liquefaction rate tends to explain the faster rate of alka-
line hydrolysis, the alkélies being more reactive and thus

i

more able to swell the structure.

Hemicellulose

These materials, closely associated in plant tissues
with cellulose, are mixtures of low-molecular-weight polysac-
charides condensed froﬁ the following major saccaride units:
D-glucose, D-xylose, D-mannose, L-arabinose, D~galactose,'
D-glucuronic acid, and D-galacturonic acid. Because D-

glucose polymers are also found in hemiqellulose, its
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difference from cellulose is not great. Primarily, hemi-
cellulose unlike cellulose is generally noncrystalline in

its natural state. This is consistent with its chemical
heterogeneity, a presence of short side groupings and in

some cases, branching in contrast to the highly uniform and
linear structure of cellulose. Although quantitative separa-
tion of hemicellulose and cellulose is impossible, hemicellu-
lose is more easily hydrolysed by acids, and reacts faster
due to its amorphous nature. Softwood hemicelluloses are
rich in galactoglucomannan polymers and contain as well,

significant quantities of xylan polymers.

Lignin

This is the polymeric noncarbohydrate fraction of wood,

y

extremely complex and difficult to characterize. It com-
prises 20 to 40% of wood by weight, does not occur alcone in
nature, and cannot be removed selectively from the wood
structure. Lignin is noncrystalline, and thermoplastic in
nature. It acts as a capillary gel, which can be swelled
and appears very reactive in the solid phase. Lignin gives
wood its structural rigidity through its crosslinked
structure.

In wood, the lignin network is concentrated between and
in the outer layers of the fibers. Several chemical models
have been proposed for the structure of lignin. One such
model, due to Freudenberg (F2), is shown in Figure 5.

Lignins are essentially substituted three-dimensional
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phenylpropane polymers, with the phenylpropane units con-
nected by etheric and aliphatic bonds. Molecular-weight
values for isolated lignins are in the range of 1,000 to
12,000 (a degree of polymerization of 5 to 65) depending on
the extent of chemical degradation or condensation during

isolation.

Extraneous Components

These are all non-cell-wall components of wood. Some of
these components can be extracted with water of neutral or-
ganic solvents, or are volatilized by steam. These extrac-
tives include low-molecular-weight carbohydrates, terpenes,
aromatic and aliphatic acids, alcohols, tannins, color sub-
stances, proteins, phlobaphenes, lignans, alkaloidé; and
soluble lignins. Other extraneous components include inor-
ganic salts, and pectins which are generally nonextractible.
These extraneous components are the source of many wood by-
products, lend wood its resistance to insects and decay, in-
hibit éulping and bleaching in some instances, and:give
wood its odor, taste and color. The softwoods usually con-
tain 5 to 8% extractives, whereas the hardwoods contain 2

to 4%,

Chemical Liquefaction of VWood and Wood Components

Wood conversion td'liquid products has been pursued
through many routes, among which hydrogenation and hydro-
genolysis have been significant. Early hydrogenation exper=

iments were carried out using noncatalytic methods. Doree
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and Hall (D5) treated lignin sulfonic acid with zinc in both
dilute acetic and hydrochloric acid until hydrogen sulfide
formation ceased, producing very little lignin degradation
under these mild conditions. Willstatter and Kalb (W10)
treated spruce lignins, recovered by hydrogenation in hydro-
chloric acid, with red phosphorus and hydriodic acid and ob-
tained a yield of 60 to 80% of a complex mixture of hydrocar-
bons. Neither of these procedures showed much promise for
making commercially useful materials.

Catalytic hydrogenation is more interesting and has been
investigated more thoroughly. Lindblad (L5) was the first to
try to convert lignin into useful oils by catalytic hydrogen-
ation of wood, testing many different catalysts such as nick-
el and cobalt hydroxides, nickel, zinc, copper and manganese
sulfides, zinc chloride, cupric hydroxide, and molybdic acid.
He also treated wood with ferric hydroxide, then suspended it
in sulfite-spent liquor, and hydrogenated this suspension at
350°C to produce heavy oils containing saturated hydrocarbons;
he believed that the ferrous sulfide formed catalyded the
hydrogenation.

Drawing on the German work in éoal liquefaction done in
World War II, the Noguchi Institute of Japan began to study
lignin liquefaction. Goheen (G3) reported that by 1952,
using a hydrogenation catalyst, a substantial portion of the
lignin was converted into felatively few monophenols and
substantially suppressed additional hydrogenation of the

phenols.. Their work has been extended by thé‘Crown-
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Zellerbach Corporation (G3).

Seth (S13) and co-workers have recently conducted
further exploratory research on wood liquefaction by wvarious
routes. The first involved solvolytic‘depolymerization of
wood followed by hydrogenation of the resulting slurry or
solution. Under operating conditions of 250°C and one hour
reaction time, catachol, phenol, and ethylene glycol were
most effective in solubilizing wood leaving acetone insoluble
residues of 2, 9, and 18 wt-% of dry wood respectively. The
second route involved wood hydrolysis followed by hydrogena-
tion of the hydrolyzed slurry. Acid-catalyzed transfer of
hydrogen from solvent molecules was tested for the hydrogena-
tion step. Cyclohexadiene as the hydrogen donor solvent gave

a conversion of 30% of the wood to acetone-soluble products.

Biomass Conversion Processes

Several‘routes, just discussed, have been investigated
for conversion of biomass materials into liquid products.
Such processes are principally involved in molecular-weight
reduction, hydrogen addition, and deoxygenation of biomass.
These processes can simply be dividéd into two major categor-
ies--thermochemical and biochemical processes. Thermochemi-
cal conversion includes pyrolysis, and direct and indirect
liquefaction processes.

In order to liquefy biomass pyrolytically, operating
temperatures of 480 to 930°C have been employed. The decom-

position reactions are fairly uncontrolled, and result in
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low yields of liquids with the dominant yields of undesir-
able gases and char. The Occidental Flash Pyrolysis process
uses wood and municipal solid wastes as the feedstock (K3,
B12). Operating at a relatively low témperature of 510°%C
and short residence time, liquid yield is maximized producing
40 Kg oil per 100 Kg of organics on a dry basis. The Tech-
Air Pyrolysis process (R4) utilizes peanut huils, wood, or
municipal wastes, and operates at a higher temperature of
593°C with an oil yield of 25% of the biomass organics. Oxi-
dation of char in the bottom of the reactor produces the
heat needed for the pyrolysis reaction.

In order to have a better control over the decomposition
reactions, a direct waste-to-0il liquefaction process (R4)
employed lower temperatures (316 to 3710C) in the presence of
sodium carbonate catalyst and high hydrogen pressure (2,000
to 4,000 psig). This enhanced the yield of oils, producing
400 to 500 Kg per 1,000 Kg of dry biomass material.

Indirect biomass liquefaction involves first gasifying
the biomass material to a synthesis gas (a mixturerof carbon
monoxide and hydrogen); liquid fuels can then be obtained by
subsequent conversion of the synthesis gas to methanol or
Fischer-iropsch hydrocarbons. Methanol can be converted to
gasoline by the'Mobil‘process, which involves reacting meth-
anol over a metal catalyst deposited in a shape—seieétive
zeolite; this limits the size of the molecules that can be
formed. ~

Thermochemical conversion processes become economically
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prohibitive as the moisture content of the feed rises.
These high-moisture feeds are suitable for microbiological
processing (fermentation). Biomass materials are hydro-
lyzed to fermentable sugars which are 'in turn converted to
ethanol by fermentation. Ethanol is a clean fuel, yielding

30% more energy per unit mass than methanol.

OBJECTIVES AND SCOPE OF THIS RESEARCH

The thermal cleavage of chemical linkages in coal
liguefaction processes now under development is reminiscent
of the thermal cracking of crude oil employed by refineries
in the 1920's. The severity of the operating conditions
(over 400°C and 1500 psig) gives rise to high capital expen-
ditures for equipment, and low thermal efficiencies. The
need is very great to investigate coal liquefaction under
milder conditions that will be more selective, reducing gas
and char production and thereby improving the process econom-
ics.

Liquid-phase catalysts have proved effective in coal
conversion under such mild conditiqns (below 325°C and 1000
psig). Previous work in this labo?atory, using a liquid-
phase catalyst, led to nearly complete solubilization of
coal. However, the bulk of the product was asphaltenes and
preasphaltenes. These are high molecular-weight components,
rich in heteroatoms and deficient in hydrogen. The oil
fraction, which comprises low molecular-weight components

soluble in aliphatic hydrocarbon solvents, rich in hydrogen
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and low in heteroatom content, is the desired product in
coal liquefaction.

This study has focused on the increased solubilization
of coal with a more favorable product distribution leading
to increased o0il production. In order to make more oils,
additional activation of zinc chloride is necessary so as to
boost its catalytic action.

The co-catalytic effect of several powdered metals was
studied with the aim of increased activation of molecular
hydrogen and consequent improvement in coal hydrogenation.
These metals, Fe, Co, Ni, Zn, Sn, Al, and Mo are known to
improve hydrogenation (H7-8, B5, M2-4, R3, V1, W6-8, Y1).

In particular, addition of zinc metal to the zinc chloride
melt was studied in some detail.

Inorganic salts were added to the zinc chloride melt in
other runs. Their higher solubility in the melt, relative
to metéls, provides transport to reactive sites inside the
coal particles. Co-catalysis by different metallic ions
with different hydrocracking functions could be beneficial.

Further activation of zinc chlpride was investigated by
use of organic complexants. Bifunc£ional complexants poten-
tially capable of complexing with zinc and other metallic
ions and subsequently make them available at reactive sites
in coal wéré sought.

As implied above, the reaction beéween solid coal and a
liﬁuid catalyst depends to a large extent on achieving pene-

tration of the solid by the liquid. SEM studies (S5) have
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demonstrated that an effective -catalyst reacts throughout
each particle, not just at the solid surface. Wetting
agents potentially capable of reducing the ligquid-solid in-
terfacial tension and of increasing the mobility of product
molecules within the coal, were also studied.

The comparative ability of other liquid-catalyst sys-
tems to liquefy coal was examined briefly using antimony
chloride and phosphoric acid. Catalyst corrosivity and the
ease of catalyst recovery and re-use were also considered.

The effect of reaction variables in product upgrading
was particularly studied. As temperature is known to affect
the rates of depolymerization and hydrogenation and the solu-
bility of conversion products, reaction temperature was
varied from 250 to 340°C. The upper limit was set by char
production, when the rate of bond cleavage surpasses that of
reactive-fragment stabilization. The effect of reaction
time and methanol loading on product distribution was alsov
determined.

Several analytical techniques were utilized to provide
more fundamental information on the mechanisms of coal ligue-
faction. To elucidate the physical factors that affect the
activity of zinc chloride in coal solubilization, several
samples of treated coal were examined using'a scanning elec-
tron microscope. The effect of various reaction variébles
on molecular-weight distribution of the different extracts
was investigated with gel-permeation chromatodraphyg The

distribution of aliphatic and aromatic carbon was studied
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using the solid CP—13C NMR technique. Gas samples from se-

lected runs were analyzed by combined gas chromatography and
mass spectrometry. In order to charécterize reaction pro-
ducts more fully, their elemental contents and melting points
were determined.

The effect of the zinc chloride-methanol catalytic sys-
tem on wood solubilization was likewise investigated. Reac-
tién variables--temperature, time,hydrogen pressure, particle
size, and methanol loading--were studied. This study is
aimed at furnishing more fundamental information about wood
solubilization. Since coal originated from wood, understand-
ing the mechanism of wood solubilization will shed more light

on coal-conversion mechanisms. ;

-
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CHAPTER II

EXPERIMENTAL PROGRAM
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MATERIALS

Coal Studies

A subbituminous coal, supplied by the Wyodak Resources
Development Corporation, from the Roland top seam of its
Gillette, Wyoming, mine was used as the feed material for
this study. The coal was received, ground to minus 3/4 inch,
ih 55-gallon drums.

This material was crushed in a jaw and roller crusher,
to reduce the particle size to minus 1/6 inch, and subsequent-
ly stored under carbon dioxide in polyethylene bags. It was
later milled and screened, the bulk of it into a =30 +60
Tyler-mesh fraction and the remainder into a -60 +100 Tyler
mesh fraction. They were later stored under nitrogen, in
500 gm portions, in l-quart cans.

The proximate and ultimate analyses of the coal are

shown in Table 4.

Reagents and Solvents

Table 5 shows the sources and purities of all the inor-
ganic materials (including cylinder gases) and organic re-

agents and solvents utilized in this study.

Biomass Studies

Cellulose

Ashless filter papers manufactured by Whatman Limited,
England, were used as cellulose for this study. The filter
papers were supplied as thin 1l1.0-cm-diameter circles. They

were later shredded into narrow l—cm2 strips, and stored
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Table 4. Analysis of Wyodak Sub-bituminous Coal

Proximate Analysis, %t

Moisture 22.50
Ash 10.92
Volatile 37.14
Fixed Carbon 29.44
100.00

*Ultimate Analysis % Moisture-Free Coal
Carbon 60.05
Hydrogen 4.92
Nitrogen 0.95
Sulfur 0.52
Ash 13.70
Oxygen (Difference) 19. 86
100.00
H/C (Atomic) 0.98

+Analysis performed by Commercial Testing and Endineering
Inc. (Denver, Co.)

*
Analysis performed by University of California Microchemical
Analysis Laboratory.
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Material

Acetonitrile
Acetophenone
Adiponitrile -
Aluminium metal
Ammonium chloride
Ammonium molybdate
Antimony chloride
Benzene
Bipyridyl
Calcium chloride
Chromium metal
Cobalt metal
Cyclohexane
Decalin
Dodecyl p-toluene
sulfonate
Ethanol
Ferric chloride
Ferrous chloride
Gallium chloride
Hexyl mercaptan
Hydrochloric acid
Malonic acid
Manganese metal
Methanol
Molybdenum metal
Nickel chloride
Oleic acid
Phosphoric acid
Pyridine
Silver nitrate
Sodium ferrocyanide
Tin metal
Toluene
Urea
Zinc
Zinc
Zinc
Zinc
Zinc
Zinc

chloride
cyanide
iodide
metal
oxide
sulfide

Cylinder Gases

Carbon monoxide
Hydrogen
Nitrogen

38

Source

J. T. Baker
Eastman Kodak
Matheson/C/B
Ventron
Mallinckrodt
Mallinckrodt
Mallinckrodt
Mallinckrodt
Mallinckrodt
Mallinckrodt
Ventron
Ventron
Matheson/C/B
Aldrich
Eastman Kodak

Mallinckrodt
Mallinckrodt
Mallinckrodt
Ventron
Eastman Kodak
Mallinckrodt
Aldrich
Ventron
Mallinckrodt
Ventron
Mallinckrodt
Braun/K/H
Mallinckrodt
Mallinckrodt
Mallinckrodt
Matheson/C/B
Mallinckrodt
Mallinckrodt
Aldrich
Matheson/C/B

Ventron
Mallinckrodt
Mallinckrodt
Ventron

Matheson Gas

Liquid Carbonic
Pacific Oxygen

Grade

Reagent

Reagent
Reagent
Reagent
Reagent
Reagent
Reagent

Absolute
Reagent
Reagent

Reagent
Reagent

Reagent
Reagent
Reagent
Reagent
Reagent
Reagent

Reagent

Reagent

Technical

Reagent
Reagent

Sources and Purities of Reagents and
Solvents Used

Min.

Purity (%)

99+

99.00

.99.99
98.00
36.5-38.0
99.00

85.00

'99,00

99+
97.00
95.00

99.9

99.50
99.99
99.99
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under.nitrogen in polyethylene bags. This material was used
in this form.
| The moisture content of the cellulose was determined by
drying 10 gm of the sample to constant weight at 110°¢ under
50 millibars of nitrogen. After removal of the sample from
the vacuum oven, it was cooled in a vacuum desiccator prior
to weighing. A small sample of the dried cellulose was an-
alyzed by the University Microchemical Analysis Laboratory.
The ultimate analysis is shown in Table 6.

Lignin

The lignin used in this study was derived from the
Kraft pulping of pine wood and supplied by the Chemical. Divi-
sion of Westvaco Corporation, South Carolina, with a purity

level of more than 99%.

Wood Flour and Chips

Douglas fir softwood from Oregon was selected for this
study. The wood flour had already been ground and, both it
and the 3/4" chips were dried to a moisture content;of 8
wt=-% by Rust Engineering Company at the DOE experimental
facility in Albany, Oregon. They were shipped in polyethylene
bags within a cardboard container. These materials were
charged into the reactor as received.

Their moisture content and.ultimate analysis, as shown
in Table 6, were determined in a manner similar to those

-described for both cellulose and lignin above.
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Wood Chips

49.55

0.04
0.20
43.88
100.00

1.51

Table 6. Ultimate Analysis of Wood and Wood-Related
materials. (wt-%, moisture-~free basis)
Cellulose Lignin Wood Flour

Carbon 43.68 62.00 48.81
Hydrogen 6.16 5.46 5.95
Nitrogen 0.03 0.99 0.08
Sulfur 0.00 0.92 0.08
Ash 0.00 3.40 0.90
Oxygen (by 50.13 27.23 44.18
difference)

100.00 100.00 100.00
H/C (atomic) 1.68 1.05 1.45
Moisture, % 4,5 6.7 8.5

10.7
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EQUIPMENT

All the experiments reported were performed in a 600 ml
autoclave supplied by Parr Instrument Co., Moline, Illinois.
The schematic diagram of the autoclave and associated appara-
tus is shown in Figure 6.

The autoclave was fabricated from Hastelloy B. Glass
liners of 300 ml. capacity, that fit into the body of the re-
actor, were used in all experiments,

The autoclave is operable to 350°c. Controlled heating
was provided by a 780-watt quartz~fabric covered mantle, re-
sponding to automatic control by a solid-state potentiometric
system actuated by an iron-constantan thermocouple which moni-
tored the temperature inside the autoclave. Circula@ing water
through an internal cooling loop connected to an external
pump actuated by the temperature controller enabled the re-
actor to be maintained with +3°C of the desired reaction
temperature.,

Agitation of the reactor contents was achieved by use of
a direct-drive stirrer using a self-sealing packing ‘gland.

The pressure in the reactor vessel was measured by a 2000
psig pressure gauge attached to a siéewarm of the gas outlet
port. The autoclave was also equipped with a gold-coated In-

conel rupture disc rated at 2000 psig.

EXPERIMENTAL PROCEDURE

In many of the coal reactions, 250 gm of ZnCl2 and 35

gm of methanol were weighed into a glass-liner vessel. This
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mixture was heated to lSOOC, reweighed, and additional meth-
anol added to replace any evaporated solvent. 50 gm of un-
dried coal, and any additional solvent and/or reagent were
then introduced into the mixture. The glass liner was then
inserted into the autoclave, and the latter was sealed.

The sealed autoclave was purged with hydrogen to remove
air and subsequently checked for leaks; it was then pressur-
ized with hydrogen so as to achieve the desired pressure at
the reaction temperature. The reactor contents were then
heated at a rate of approximately lOOC/minute, with constant
stirring, until the desired temperature, usually 275°C, was
reached. The reaction was maintained at this temperature for
the deéired reaction time. During both heat-up and reaction,
temperature and pressure readings were recorded. After reac-
tion had occurred for the desired time, the reactor was cooled
by immersion in a cold water bath to approximately 200°¢ and
depressurized. It was then repressurized so as to achieve
the desired pressure at the second reaction temperature. The
reactor contents were then heated, with constant stftring,
usually to 300°C. The reaction was maintained at this temper-
ature for the desired time, at the eﬁd of which the autoclave
was rapidly cooled to 200°¢C by immersion in a cold water béth
and then depressurized. In some cases, this cycle was re-
péaﬁed with heating to 325%c, After holding for the desired
reaction period, the reactor was immersed in a cold water
bath, depressurized, and opened.

The reaction products were dumped into acidified cold
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distilled water (20 ml. concentrated HCl in 1 liter of water).
This was subsequently filtered in a Buchner funnel while
being washed with approximately six liters of hot distilled
water usually at 90°c., The filtered cake was dried to con-
stant weight in a vacuum oven at 110°C under 50 millibars of
nitrogen.

The dried product is referred: to as melt-treated coal
(MTC). A small quantity of MTC was pulverized in a glass
vial and sent in a bigger vial containing CaSO4 desiccants of
the Microlab for analysis. Small portions, representative of
the MTC, were stored under nitrogen for examination under the
scanning electron microscope. Approximately 2 gm of the MTC
was weighed into a predried single-weight Whatman 25x100 mm
celluldse extraction thimble for subsequent solubilify de-
termination. The remaining melt-treated coal was stored in a
vacuum desiccator for any additional future use.

The solubility determination involves exhaustive se-
guential extraction in cyclohexane, toluene, and pyridine at
their normal boiling points using a standard Soxhlet, appara-
tus yielding oils, asphaltenes, and preasphaltenes respec-
tively. Oils are characterized by low heteroatom content,
low molecular weight, a melting point range of 50° to lOOOC,
and a high  H/C ratio of 1.21 to 1.31. Asphaltenes have more
heteroatoms, higger‘moleculaf weight, a melting. point range
of 120° to 260°C, and an H/C ratio of 0.98 to 1.10. Preas-
phaltenes are the richest in heteroatoms, highest molecular

weight, and an H/C ratio of 0.84 to 0.95. Extraction times
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of 5 hours for cyclohexane, 5 hours for toluene, and 18 hours
for pyridine extraction have given complete extraction as ev-
idenced by a colorless solution in the Soxhlet siphon arm.
Overflow of insolubles from the thimble, which may occur
during pyridine extraction, is prevented by performing room-
temperature extraction in pyridine after toluene extraction
and prior to the pyridine extraction in the Soxhlet apparatus.

At the end of the extraction, the liquid extracts were
dried in predried and weighed crystallizing dishes by evapor-
ating to near dryness in the fume hood. These extracts and
the residues were further dried in a vacuum oven at 110°C
under 50 millibars of nitrogen. The samples removed from the
vacuum oven were cooled in a vacuum desiccator prio; to
weighing. These extracts were sent to the Microlaboratory
for elemental analysis. Additional analytical investigations
were carried out to further characterize them.

A list of the experiments conducted is given in Table 7.
The effect of different additives on the catalytic activity
of zinc chloride was studied.

The procedure for the biomass study was similar, ex-
cept that it was conducted at a single temperature. ZnCl2
and methanol were initially heated to 100°C (as against
lSOOC), and no acid wash was used. Table 8 lists the auto-
clave experiments performed with wood (Douglas fir softwood)
and wood~-related materials. The catalytic effeét'of zinc
chloride in the solubilization of wood was investigated.

The reaction variables which were studied included reaction



Table 7 :
Coal Autoclave Experiments

(50 gm Wyodak Coal, -30 +60 mesh; 250 gm ZnCl2)

Run Tgmp. H Prgssure Time Solvent Additives

No. (¢ (psig) (min) - (gm) -(gm)

2 275 500 30 CH3OH—25 Zn-4; CaClz—ZU

3 275 500 30 CH3OH—25 Zn-4; 4n0-5; CaC12—20

4 275 500 30 CH3OH~25 Sn-7; CaC12—20

5 275 500 30 CH,O0H-25 CaCl,-20 ‘

6 275 500 30 CH3OH—25 Mo-6; Ca012—20

7 275 500 30 CHBOH—ZS Al-2; Cac12—2o

8 275 800 30 CH3OH—30 Zn-1 .
9 275 800 30 CH3OH-30 Zn-4; Zn0=2; CaClz-ll o
10 275 500 30 CH3OH-25 Fe-1; CaClz—ZO

12 250/200/250 500 30/30/30 CH3OH~25 Zn-1; 0,-20 psig

13 275 500 30 CH3OH—25 Ni-1; CaC12-20

14 275 500 30 CH30H-25 Co-1; CaC12—20
15 275 500 30 CH3OH—25 Mn-1; CaClz—ZO

16 275 800 30 CH3OH"25 Fe-10

17 275 800 30 CH30H—25 Fe-25

1948 275 500 30 CHBCN"12~5

33 275 800 30 CH3OH—35 Oleic acid-7.5

34 275 800 30 CHBOH“35 Malonic acid—2.6? NiC12-5.4,

FeC12—3.6

35 275 800 30 CHBOH"35 Urea-4.6; NiCl,-5.4; FeCl,-3.6
36 275 800 30 CH3OH"45 ZnsS-7.1; NiCl,-5.4; FeCl,-3.6



Run Tgmp. H2 Pressure Time Solvent Additives

No. (-c) (psig) (min) {gm) (gm)

377 225 800 60 CH,OH-24 SbCl,-228 .

38 275 800 30 B CH3OH—35 Ni?12—5.4; FeClz—3.6

394 275 500 30 CHBOH—ZS SbCl3—25

40 200 800 60 none SbC1,-152.8

41 275 800 30 CH3OH—35 Hexyl mercaptan—l 5 N1C12—5 4;
FeCl —3 6

42 275 800 30 CH3OH—35 Dodecyl p~toluene sulfonate-1.4

43 275 800 30 CH30H~35

44d 275 800 30 CH,0H-35 Zn-4

45 275 800 30 CHBOH-64 CaC12—158

46 - 275 500 30 CHBOH—ZS Bipyridine-2

47 275 500 30 CH3OH—25 Zn(CN)2—5

48 250 60 H,0 =75 FeCl,-50; CO-200 psig

. C,HZOH-75

49" 275 500 30 C2 5OH -15 90% H3PO4—150

50 275 800 30 CH,O0H-25 Zno-7

51 275 800 30 CH3OH—35 Zn=-8

52 275 500 30 CH,OH-25 AgCl-2.5

53 275 500 30 CH3OH~25 CuClz-6,7

54m 300 500 30 3OH =25

559 275 800 30 CH,OH-35

56 275 500 30 CH3OH~25 Sodium ferrocyanide~b5

57 275 500 30 CH,0H-25 NH,Ci-5; Zn0-3.8

58 275 300 30 Cﬂ3OH—25 FeC13-6.8; FeClB—S; CO0~300 psig

S?h 275 500 30 CHBOH-BS

60 275/325/275 800/500/800 30/30/30 CHBOH—ZB/O/ Zn-6

o
>

Ly



Run Tgmp, H., Pressure Time Solvent Additives
No. (7C) (psig) (min) (gm) (gm)
61 275 500 30 CHBOH-ZS Zn-8; Dodecyl p-toluene
sulfonate-1.4
62 275 500 30 CHBOH—25 NH',CL-5; ZnO-3.8; Dodecyl
' p*%oluene sulfonate-1.4
63 275/275/275 800/800/800 15/15/15 CH3OH~3B/0/ Zn-8
i
647 275 500 30 CHBOH—ZS
65 275 500 30 CHBOH-ZS GaCl3—2.5
66 275 500 30 CH30H~25 Zn12—7.5
67 275/300/325 800/800/800 15/15/15 CH3OH—38/0/ Zn-8
68 275/300 800/800 15/15 CHBOH—BS/O Zn~-8
69 275/300/325 800/0/0 15/15/15 CHBOH-Ba/O/ Zn-8
70 275 800 15 CH3OH—3S Zn-8 .
71 275 800 0 CHBOH-35 Zn-8 o
72 325 800 30 CHBOH—BS Zn-8
73 275/300/325 800/800/800 15/15/30 CH3OH—35/O/ Zn-8
74 275/300/325/340 800/800/800/ 15/15/15/ CH,OH-35/0/ Zn-8
3
800 15 0/0
75 275 800 30 CH3OH-45 NiC12-5.4; FeCl
76 275/300/325 800/800/800 15/15/0 CH3OH~3B/0/ Zn-8
77 300 800 30 CH3OH—35 Zn-8
78 250/275//300/ goos0//800/ 10/10//10/ CH,OH-~35/0//Zn-8
3
325 0 10 0/0
79 250/275//300/ goo/v//800/ 10/10//10/ CH,OH-35/0//
3
325 0 10 0/0
81l 250/275//300/ g8oos0//800/ 10/10//10/ CH3OH—65/O//Zn~8
325 0 10 0/0
82 275/300 15/30 CH,OH-35/0 Zn-8

800/80u

3



Run

Tgmp. H, Pressure Time Solvent Additives

No. (-c) (psig) (min) (gm) (gm)
83 250/275//300/ goo/0//800/ 10/10//10/ CH30H—35/0//Zn—8; NiClz—S;

325 0 10 ) 0/0 Anmfmonium MOlybdate-5
84 275/325 800/800 15/30 CH3OH-35/0 Zn-8
857 250/275//300/ 8oo/0//800/ L10/10//10/ CH3OH-15/0//Zn—8

325 0 10 0/0
86 250/275//300/ 800/0//800/ 10/10//10 CH3OH-50/0//Zn—8

325 0 0/0

10

67
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Footnotes to Coal Autoclave Experiments

12.5 gm CH,OH added

3

No ZnCl2 added

91.3 gm ZnCl2 added

79 gm ZnCl2 added

50 gm ZnCl2 added

35 gm ZnCl2 added

Substrate was dried MTC 49 (Product of Run 49)
200 gm ZnCl2 added

-60 + 100 mesh coal used

Reactor plugged
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Table 8. Biomass Autoclave Experiments
Run Temp. H Time Substrate ZnCl Solvent
No. (7C) PreSsure (min) (gm) (gm? (gm)
‘ (psig)

11 250 500 60 Cellulose- 250 MeOH-50
17.5

18 250 500 60 Cellulose- 250 Water-25
17.5

20 250 500 60 Lignin-50 250 MeOH-50

21 250 800 60 Wood flour- 250 MeOQOH-50
20

22 225 800 60 Wood flour- 250 MeOH-50
20 t

23 200 800 60  Wood flour- 250 MeOH-50
20

24 250 800 60 Wood chips- 250 MeOH-50
20

25 250 500 60 Wood chips~- 250 MeOH-50
20

26 250 200 60 Wood chips- 250 MeOH=-50
20

27 250 800 30 Wood chips- 250 MeOH-50

. . 20

28 250 800 0 Wood chips- 250 MeOH~-50
20

29 225 500 60 Wood chips- 250 ° MeOH-75
20 '

30 225 500 60 Wood chips—- . 250 MeOH-25

31 225 500 60 Wood chips-= 250 MeQOH-50
20

32 225 200 60 Wood flour- 250 MeOH-50

20






53

temperature (between 200 and ZSOOC); reaction time (between
0 and 60 min.) and hydrogen pressure (between 200 and 800
psig).

The Soxhlet extraction technique'described above 1is
both time-consuming and tedious.A A long delay between the
end of the reaction and time for obtaining the extraction
yield further makes this technique unsuitable. A simpler,
guicker, and less tedious means for determining the reac-
tion yield should be investigated.

A detailed gas collection and analysis, coupled with
the analysis of trace constituents in the wash-water stream
and materials volatilized during vacuum oven drying through
vacuum distillation of the washed MTC, will be useful in
calculating an accurate mass balance of the reacting system.

The use of methanol instead of water to extract
ZnCl2 from the reacfion products should be investigated. A
considerable savings in energy'will be made in concentration
of the ZnClz-CHSOH solution. An additional advantage is

that the concentrated solution of ZnCl2 can then bé re-

cycled without further treatment.

ANALYTICAL PROCEDURES

Elemental Analysis

The elemental content of the reaction products (car-
bon, hydrogen, nitrogen, sulfur, chlorine, and metals) was
determined by the University of California Microanalytical

Laboratory. All the samples were submitted in a tightly
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sealed vial placed inside a bottle containing desiccant.
The carbon, hydrogen, and nitrogen analyses were performed
by combustion in pure oxygen at 950°C in a Perkin-Elmer
Model 240 automated elemental analyzer.

Sulfur and chlorine were measured by combustion 'in pure
oxygen at 850°C to form gaseous SO2 and Clz. These off-gases
were absorbed in a 3% hydrogen peroxide solution to form
so'3°
fate was precipitated with BaClz, and the BaSO4 formed was

(H,50,) and Cl (HCl). 1In the case of sulfur, the sul-

weighed to determine the amount of sulfur in the original
sample. With respect to chlorine, the chloride was titrated
with a standard AgNO3 solution to determine the chlprine con-
tent of the sample. The ash content was then measured from
the weight of the uncombusted material.

Oxygen was not analyzed for, and the oxygen content was
obtained by difference. Neﬁals were determined by atomic
absorption in a Perkin Elmer Model 360 Atomic Absorption
Spectrophotometer. Samples were initially digested in a so-
lution of concentrated sulfuric acid and 30%\hydroéen per-
oxide to destroy all organic matter. The resulting solution
was diluted, and the metal content was obtained by comparing

its absorbance with known standards.

Scanning Electron Microscopy

Photomicrographs of several samples representing a
broad range of reaction conditions were obtained with 20 KeV

electrons in an AMR 1000 scanning electron microscope (SEM).



55

The samples, comprising melt-treated coal or wood and ex-
traction residues, were sprinkled onto conductive adhesive-
coated copper plates that were later placed on SEM mounting
stubs. A thin f£ilm of gold was vacuum—-evaporated onto the
samples to render them conductive and thereby minimize
charging.

In many cases, three magnifications were utilized in
examining the samples. A lower magnification of 250X, in
some cases, allowed a complete view of a large portion of
the particle and in certain instances, an easy scanning of
the entire sample. Higher magnifications of 1000X and 3000X
were used when specific areas of the sample merited a more

detailed examination.

Gel-Permeation Chromatography

The molecular-weight distribution of selected extracts
was determined on a Waters Associates Model 6000A-U6K-449
gel-permeation chromatograph (GPC). The samples were pre-
pared by dissolving 2 mg of fresh extracts in 1 ml. of pyri-
dine. The solutions obtained were filtered through Millipore
Teflon~type FH filters of 0.5 mm pore size. Twenty micro-
liters of the solution were injected into three 25 cm
columns connected in series containing lOOOg, SOOX, and lOOX
microsty;agel. Pyridine was used as the elution solvent at
a flow rate of 1 ml/min. A chart speed of 1 cm/min was used
throughout the study. |

The GPC was equippéd with an ultraviolet absorbance
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detector fitted with both 313 and 365 nm filters, such that
monitoring of absorbance as a function of elution volume
could be achieved at both wavelengths on a dual pen strip
chart recorder. The 313 nm wavelength was selected for
this study because of its greatest relative absorbance of
condensed aromatic ring compounds.

The GPC column fractionates components of a mixture
according to their molecular size, the heavier components
coming out first. At 313 nm, the major light-absorbing
species are fused-ring aromatic compounds.

Unequal absorbance by different compounds could obscure
the actual concentration information obtainable from the GPC.
This could reduce the usefulness of the GPC analysis as an
absolute measure of molecular weights distribution. As a
result of this shortcoming, no molecular weights were as-
signed to any of the GPC tracings. Hence, comparisons were
only made on the effect of single reaction variables on

molecular-weight distribution.

Gas Chromatographv/Mass Spectrometry (GC/MS)

In order to fully characterize'the reaction products,
gas samples from some runs were collected and analysed using
a GC/MS. The gaseous products were collected in evacuated
150 ml stainless steel éampling cylinders at the end‘of the
reaction, prior to cooling.

The GC/MS analyses were carried out by Dr. Amos Newton

and co-workers at Lawrence Berkeley Laboratory, using a
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Finnigan Instruments Model 4023. This’system comprises of a
Finnigan Model 9610 gas chromatograph, a Finnigan 4000 quad-
rupole mass spectrometer, and a Model 2400 Finnigan/Incos
data system with mass spectral libraries.

The 9610 gas chromatograph is a microprocessor-con-
trolled unit, in which the column oven can operate from —1OOOC
to +400°C in either isothermal or temperature-programmed mode,
and uses either packed or capillary columns. A glass column
measuring 2 mm in diameter by 2 m in length and packed with
3% OV-225 on Chromosorb W/HP was used. Helium was used as
the carrier gas; a typical GC flow rate of 20 ml/min was em-
ployed. |

The quadrupole mass filter has a rated resolution of
400, and in practicé is capable of unit mass resolution to
1000 a.m.u. The ionizer is an electron impact source with a
rhenium filament, producing an electron current up to 0.5 mA
at energies from 10 to 150 eV. Usual scan conditions in this
study were 0.25 mA at an ionization energy of 70 eV.

The entire mass range of the effluent gases was scanned
every few (0.5-5) seconds, to obtain a complete mass spectrum
of every peak eluted from the column. The mass spectrum of
each chromatographic peak was then recalled and compared with
mass spectra of known compounds in two mass spectral libraries
each containing approximately 25,000 compounds which could be
independently searched. By matching unknown mass spectrum

with a known spectrum, identification was reasonably likely.
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Melting Point Determination

The melting points of the extracts from various runs
were determined using a 120V Mel-temp. apparatus. A small
gquantity of each sample was introduced into a capillary tube,
which was subsequently inserted into the Mel-temp. unit. An
applied voltage, usually between 30 and 70v, was selected on
a variable autotransformer so that a small rise in temperature
(lOC/min) was maintained.

The effect of temperature, reactor residence time, and
various additives on the melting points of the different ex-
tracts was examined. Replicate melting point determination
was conducted and the results are shown in Table 9. The re-

sults are highly reproducible.

Solid-State Cross-Polarization Carbon-13 NMR
13

The solid state CP-""C NMR analyses were carried out by
Professor Alex Pines and co-workers in the Chemistry Depart-
ment of University of California, Berkeley. A double reso-
nance spectrometer operating in heterodyne mode with an inter-
mediate frequency of 30 MHz was used. The magnet is a wide-
bore superconducting solenoid. The radio-frequency sections
are mostly homebuilt from commercial hybrids, and the digital
section is constructed around an on-line PDP 8/e minicomputer.
A detailed description of the equipment and the procedures used
is given elsewhere (W1l2).

The various regimes in the spectrum are shown in Figure

7. These regimes were identified from spectra for a wide
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Table 9. Replicate Melting Points of MTC Fractions

Melting Points (OC)

Run+ Oils Asphaltenes
No. '
9 90-96 130-139
89~-95 126-137
10 72-98 124-146
73-100 122-145
39 62-73 161-196
59-71 162-198
41 56-70 166-222
57-71 167-220
42 52-64 142~-203
53-66 144-201

+ Reaction conditions are given in Table 7,

Measurements by Michael Johnson.
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Figure 7 . Identification of various regimes within a

CP— 130 NMR spectrum.
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range of chemical compounds identified as probably constitu-
ents of coal.

The general accuracy of this method is +5% absolute,
for the relative areas of aliphatic, aromatic,_and alkoxy
groups. Changes in spectrum within one set of samples have

probably somewhat better relative accuracy than the +5%.

CALCULATION PROCEDURES

The calculation procedure used in this study was de-
veloped by John Shinn, while an investigator on this project
(S5), who has prévided detailed explanations of the various
calculation steps. A sample calculation procedure is given in

Table 10.
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Table 10. Sample Calculation Procedure for Run 51

MTC recovered = 34.20 gm

Microlab. analysis

Wt. Wt. recovered Wt. fed
(%) (gm) (gm)
C o 67.29 23.01 22.97
H 6.48 2.22 1.88
N 0.75 0.26 ' 0.36
Zn | 4.33 1.48 0.00
Cl 3.27 1.12 0.00
ash 14.00  4.79 5.24
Extraction data: MTC extracted = 2.128 gm; Cyclohexane

Extract = 0.543 gm; Toluene Extract =
0.274 gm
Pyridine Extract = 1.209 gm; Residue =
0.310 gm

Nitrogen analyses: Pyridine Extract, 3.04% or 0.035 gm;

Residue, 0.6% or 0.002 gm

ZnCl, in MIC = gm Cl+gm C1/1.08 (gm Cl/gm Zn in ZnC1,)

= 1.12+1.12/1.08 = 2.16:gm

total Zn~Zn in ZnCl

"Excess Zn" 5

1.48-1.04 = 0.44 gm or 0.55 gm as 2Zno
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True Ash = total ash—~excess Zn (as Zn0)
= 4,79-0.55 = 4.24 gm
0+ = MTC-C-H~N-Zn-Cl-true ash

34.2-23.01-2,22-0.26~1.48-1.12-4.24

1.87 gm

% Recovery of Each Element = (gm recovered/gm feed)x100

Element % Recovery
o 100.18
H 118.09
N 72.22
0+S 24.62
Ash 80.92

i

Incorporation ratio (R) (% C recovery=95)/95

(100.18-95) /95

il

0.055 gm incorporated C/gm coal C

(C+HAN+0+S recovered) (MTC extracted)
MTC recovered

Organic matter extracted =

(23.01+2.22+0.26+1.87) (2.128)/34.2
= 1.70 gm

Pyridine retention = Cyclohexane extract+Toluene extract+
Pyridine extract+Residue~MTC ex-~
tracted

= 0.543+0.274+1.209+0.310~-2.128

= (0,208 gm
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Fraction of pyridine in pyridine extract
= gm N in Pyridine Extract/(gm N in

Residue+Pyridine extract)

0.035/(0.035+0.002)

= 0.946

Pyridine retained in pyridine extract
= gm pyridine retained: x-frac¢tion pyridine
in pyridine extract

= 0.208x0.946

0.197 gm

It

Cyclohexane solutility 100xCyclohexane extract/Organics

extracted

100x0.543/1.70

31.94%

Toluene solubility 100xToluene extract/Organics extracted

100x0.274/1.70

!

16.11%

Pyridine solubility 100x (Pyridine extract-Pyridine retained
in Pyridine extraci:—ZnCl2 in extracted

MTC) /Organic extracted

100x(1.209-0.197-(2.16) (2.128/34.2)) /1.7

51.62%
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Total pyridine solubility Cyclohexane sol.+Toluene Sol.+

Pyridine sol.

il

31.94+16.11+51.62

i

99.67%

Corrected solubility or minimum coal-derived solubility

= l-(l-total solubility) (1+R)

1-(1-0.9967) (1+0.055)

199.65%
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CHAPTER III

RESULTS OF COAL INVESTIGATIONS
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EFFECT OF CO-CATALYSTS AND ADDITIVES

Previous work (S5) in this research group led to high
solubilization of coal, but gave relatively low conversion
to oils which constitute the desired proéuct. Increased con-
version to oils appeared to require relatively high hydrogen
pressure and increased catalyst activity and was generally

accompanied by an increase of H/C ratio in the MTC.

Metal Additives

The effect of several metals on product distribution is
shown in both Figure 8 and Table 1l1. Figure 8 shows that all
metals except nickel and aluminium increased the yield.of oils,
and also the H/C ratio. Of these, zinc was the most effec-
tive. Table 11 shows that tin, molybdenum, aluminium, and
iron were all better than zinc in increasing the combined
yvield of oils and asphaltenes. |

The superiority of zinc metal both for increasing the
yield of oils and for improving the H/C ratio of all the pro-
duct fractions (see below) led to further investigations in-

volving the addition of zinc metal.

Further Studies with Zinc Metal

Table 12 shows the effect of added zinc metal on conver-
sion. The presence of zinc results in nearly 50% increase in
the yield of oils and a large increase in the H/C ratio.

Figure 9 shows that the yield of oils increases with in-
creasing loading of zinc. It also shows that both gas

- consumption during the reaction and the H/C ratio of the melt
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Table 11. Effect of metallic additives on conversion

(250 gm ZnClz, 50 gm Coal, 25 gm-CH3OH;
275°¢c, 500 psig H,, 30 min.)
" Cumulative Pct. Daf.-Soluble
Run Additives* Cyclo- Tolueneé Pyridineé cCorr. Corr.
No. hexane . Sol. Atomic H/C
Ratio
5 none 17 31 89 88 0.95
2 Zn 26 39 85 84 1.06
4 Sn 21 44 84 83 1.07
6 Mo 22 44 91 90 0.96
7 Al 17 44 85 82 0.88
10 Fe 20 44 89 88 0.99
13 Ni 14 28 80 77 0.91
14 Co 18 36 78 75 0.94
15 Mn 19 35 96 95 0.95

* Amounts used are shown in Table 7.



Table 12. Effect of Added Zinc Metal on Conversion

(250 gm ZnClz, 50 gm Coal; 275°C, 30 minf)_

Cumulative Pct. daf.-Soluble

0L

Run Additives CH.OH Hy Cyclo- Toluene Pyridiné (gm ret. CH,OH/ Corr.

No. (gm) Logding Pressure hexane gm coal ofg.) Atomic
(gm) (psig) _ ' : H/C

, L : Ratio

5 none - 25 500 17 31 - 89 . 0.11 0.95
2 Zn (4) 25 500 26 39 85 0.10 1.06
43 none 35 800 22 37 100 0.12 1.01

44 Zn (4) 35 800 30 46 100 0.12 1.03
51 Zn (8) 35 800 32 47 100 0.05 1.15
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treated coal increases with increasing loading of metallic
zinc. This strongly suggests that the addition of zinc metal
results in further activation of molecular hydrogen leading to
increased hydrogenation. Zinc loading beyond 3% of the melt
was not attempted, because at this loading there was evidence
of incomplete solubility of zinc in the melt.

The yield of asphaltenes remains unchanged (Figure 10)
as the zinc léading increases, whereas the production of pre-
asphaltenes decreases. Since the decrease in the production
of preasphaltenes is comparable to the increase in yield of
oils, addition of zinc could be said to aid the conversion of
preasphaltenes to oils. The effect of zinc metal on the H/C
ratio of the melt treated coal and the various product frac-
tions is given in Table 13. Zinc considerably increases the
H/C ratio of the MTC and extraction products.

Figure 11 shows that at both 275 and 325°C, metallic
zinc addition results in roughly 50% increase in the yield of
oils. At 325°C (Run 78, with Zn; and Run 79, without Zn),
zinc addition increases the yield of asphaltenes while de-
creasing that of preasphaltenes. This raises the possibility
that the route of preasphaltene conversion to oils is through
the intermediary of asphaltenes. Differences in the reaction
time render comparison between the reactions at 275°¢C and

those at 325°C inaccurate.

Zinc Oxide as an Additive

The catalytic effect of zinc oxide alone and with zinc
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Table 13.

Effect of Added Zinc Metal on Quality Products

Without Zinc With Zinc
(Run 43) (Run 51)
Samples " Yield Corr. H/C MéPo Yield Corr. H/C M6P°
wt. % Ratio C wt. % Ratio C
3
o>
Melt—-treated Coal - 1.01 - - ‘1.15 -
Oils 22 1.26 62—~ 89 32 1.31 58~ 88
Asphaltenes 15 1.07 155-183 15 1.10 201-259
Preasphaltenes 63 0.88 - 53 0.94 -

.
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metal was investigated, and the results are shown in Table
14. Zinc oxide can act as an effective scavenger for any
hydrogen chloride released in the reaction. As the reagent
grade ZnCl2 used for this study contains small amounts of
Zn0, the effect of the latter on coal conversion is impor-
tant.

The addition of both zinc and zinc oxide decreases the
vield of oilé and in the absence of metallic zinc, zinc oxide
reduces the catalytic activity of zinc chloride resulting in
a lower solubilization of coal. It is obvious that the addi-
tion of zinc oxide is not beneficial.

The effectiveness of metallic additives on the hydrogena-
tion of coal may have been reduced by their inadequate solu-
bility in the melt, leading to mass-transfer limitations. |
Utilizing more soluble inorganic salts was a possible alterna-

tive, and is discussed in the next section.

Inorganic Salts

The effectvof inorganic salté on the product distribution
is shown in Table 15. Addition of silver chloride or cupric
chloride to the zinc¢ chloride melt, resulted in complete con=
version of the coal to pyridine-soluble materials. The im-
provement occurred in the yield of preasphaltenes; no signifi-
cant changes in the yield of oils and asphaltenes was ob-
served. |

Ammonium chloride and zinc oxide increased the preasphal-

tene yield and the H/C ratio. Zinc oxide was added as an



Table 14.

(250 gm ZnCl

2’

Effect of Zinc/Zinc Oxide Additives on Conversion
50 gm Coal; 275°C, 30 min.)

Cumulative Pct.

daf.~Soluble

‘Run Additives CH,OH H Cyclo- Toluene = Pyridine Corr. Corrxr.
No. {gm) Loading Pressure hexane Sol. Atomic
(gm) (psig) H/C Ratio
5 none 25 500 17 31 89 88 0.95
2 Zn (4) 25 500 26 39 85 84 1.06
9 Zn (4) 30 800 20 45 82 81 1.09
Zno (2)
3 Zn (4) 25 500 25 37 84 81 1.08
’ (Zn0O (5)
. 50 Zno (7) 25 800 17 29 72 68 0.97

LL



Nickel chloride
Ferrous chloride

+ Amounts used are shown in Table 7.

* 800 psig H, pressure.

Table 15. Effect of Inorganic Additives on Conversion
(250 gm znCl,, 50 gm Coal; 275°C, 500 psig H,, 30 min.)
Cumulative Pct..daf.-Soluble R
Run Additives+ CH_,OH Cyclo- Toluene Pyridine (gm ret. CH,OH/ Corr.
- No, Logding hexane gm coal or%.) Atomic
(gm) ‘ ' H/C Ratio
.5 none 25 17 31 89 0.11 0.95
52 Silver chloride 25 15 28 100 .0.17 0.91
53 Cupric chloride 25 16 28 100 0.20 0.83
57 Ammonium chloride 25 17 30 99 0.15 0.98
Zinc oxide , ‘
47 Zinc cyanide 25 18 31 : a5 0.12 1.01
65  Gallium chloride 25 14 26 91 0.21 0.80
66 Zinc oidide 25 14 27 98 0.18 0.89
75% Nickel chloride 45 30 45 100 0.18 0.99
Ferrous chloride '
36%* Zinc sulfide 45 32 46 91 0.23 1.00

8L
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acceptor for HCl, a possible decomposition product of ammon-
ium chloride, so as to study the effect of NH4C1 alone.

Both zinc iodide and zinc cyanide increased the yield
of preasphaltenes, but the former lowered the yield of oils
and the latter had no effect on either the yield of oils and
aéphaltenes. Gallium chloride lowered the yields of both
oils and asphaltenes. All the inorganic salts added to the
melt increasea the incorporation of methanol, and except for
ammonium chloride and zinc cyanide, lowered the H/C ratio.

Since most coals contain sulfur compounds, some zinc
chloride is probably converted into zinc sulfide during coal
conversion. The effect of zinc sulfide was investigated.
Nickel and ferrous chlorides were added as co—-additives, on
the basis that the divalent sulfide ion group might form
bridges between two dissimilar metallic species and perhapsA
leading to increased overall reaction. Compared to nickel
and ferrous chlorides alone, zinc sulfide resulted in a re-
duced yield of preasphaltenes and an increased methanol in-

corporation.

Complexants

Complexing agents capable of introducing two dissimilar
metallic species at the same site in the coal molecule was
studied in an effort to accelerate cracking and hydrogenation
concurrently. 'The effect of complexants is shown in Table
16.

Urea drastically reduced the solubilization of coal,



Table 16. Effect of Complexants on Convegsion
(250 gm 2ZnCl,, 50 gm Coal; 2757C,

800 psig Hé, 30 min.)
+ Cumulative Pct. Daf.-Soluble R
Run Complexants CH.,,OH Cyclo- Toluene Pyridine (gm ret. solv./ Corr.
No. - Logding hexane gm coal org.) Atomic
(gm) ‘ . H/C
‘ Ratio
38 Nickel chloride - 35 : 24 35 100 0.12 1.02
Ferrous chloride
35  Urea 35 12 22 73 ’ 0.55 0.62
Nickel chloride :
Ferrous chloride
34 Malonic acid 35 25 35 96 0.15 1.02
Nickel chloride '
Ferrous chloride
41 Hexyl mercaptan 35 . 26 40 100 0.14 1.03
Nickel chloride
Ferrous chloride
5%  none 25 17 31 89 . 0.11 0.95
46*  Bipyridyl | 25 19 32 94 0.17 . 0.89
56% Sodium 25 16 ' 29 83 0.15 - 0.93

ferrocyanide

+ Amounts used are shown in Table 7.

* 500 psig H2 pressure,

08
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suggesting that it formed a very strong complex with zinc
chloride and contributed to its deactivation. Malonic acid
slightly reduced the conversion; Under reaction conditions,
it may have decarboxylated to give acetic acid (S14), which
has been shown to reduce the catalytic activity of zinc
chloride (S5).

The other potential complexants studied had no signific-

cant effect on the product distribution.

Wetting Agents

The reaction between a solid and a liquid is greatly de-
pendent on the effectiveness of contact between the liquid
and the solid. Between zinc chloride and coal, contact is
principally established through capillary uptake or direct
inhibition which may be very responsive to changes in sur-
face tension, as influenced by addition of wetting agents.

The wetting agents selected and their effect on product
distribution are shown in Table 17. Dodecyl paratoluene sul-
fonate (DPTS) increased the yield of oils by nearly one
fourth, while the H/C ratio remained unchanged. Oleic acid
increased the yeild of oils by 18%, but was massively incor-

porated.

OTHER CATALYTIC SYSTEMS

Only a small part of the zinc chloride melt serves as
catalyst, while the bulk provides the reaction medium. Hence

the addition of cheaper inorganic compounds that might



Table 17.

(250 gm ZnCl

Effect of Wetting Agents on Conversion
oy 50 gm Coal, 35 gm CH

3OH;

275°C, 800 psig H,, 30 min.)

Cumulative Pct. daf.-Soluble

R
(gm ret. solv./

Run Additives Cyclo- Toluene Pyridine Corr. Atomic
No. hexane gm coal org.) H/C Ratio

43 none 22 - 37 100 0.12 1.01

33 ‘Oleic acid 26 39 100 0.69 0.65

62 Dodecyl para- 27 40 100 0.16 1.01

toluene sulfonate

+ Amounts used are shown

in Table 7.

Z8
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substitute as a medium without reducing the catalytic activity
would be of interest. This will definitely reduce the cata-

lyst loading and ultimately decrease the processing cost.

Antimony Chloride

In general, the ability of a Lewis acid to accept an

- electron pair is greater, as the electronegativity of the cen-
tral atom and the attached atom is increased and with the num-
ber of the attached atoms. On this basis, antimony chloride
would be expected to be a stronger Lewis acid than zinc chlor-
ide particularly since Sb is more electronegative than 2Zn and
also bonded to three chloride atoms as against only two for Zn.
Moreover, antimony chloride has relatively low melting and
boiling points; melting at 74°¢C and boiling at 220° (p6).

Antimony chloride has shown extremely high catalytic ac-
tivity, gobd selectivity to liquid products, and insensitivity
to hydrogen sulfide (W13). In addition, SbCl3 offers the pros-
pects of not needing methanol and by its high vapor pressure,
can easily penetréte the coal éarticles. For more direct com-
parison with zinc chloride/methanol system, antimony chloride/
methanol was selected for study.

The catalytic activity of antimony chloride in coal con-
version is shown in Table 18. At 2250C, 75% of the carbon
content of coal is converted to pyridine-soluble materials,
compared with only 40% conversion obtained when using the
zinc chloride/methanol system. In the absurce of methanol and

at a quite low temperature of 200°¢, antimony chloride added



Table 18. Effect of Antimony Trichloride on Conversion
(50 gm Coal)

Cumulative Pct daf-Soluble

Run Catalyst* CH,OH Tgmp. Time Ho Cyclo- Toluene Pyridine Corr. Corr.
No. B Loading ( C) (min) Pressure hexane Sol. Atomic
‘ (gm) (psiqg) : , H/C

Ratio
+
49 ZnCl2 50 225 60 800 - 16 46 40 1.09
37 SbCl3 ' 24 225 60 800 8 14 . 75 75 1.32
5 sncl, 25 275 30 500 17 31 89 88 0.95
39 SnCl, 25 275 30 500 15 29 92 91 0.86
SbCl ‘
3
+
31 ZnC12 50 200 60 200 ‘ - 9 16 0 0.93
40 ZnCl2 none 200 60 800 1 3 30 30 0.95
SbCl3 :

- Not determined.
*  Amounts are shown in Table 7.

+ Shinn (S85).

¥8
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to zinc chloride converts over one quarter of the carbon con-
tent of coal to pyridine-solubles.

Many chlorides dissolve in the melt to give conducting
solutions (C5). A small amount was added to the zinc chloride-
methanol system; the reaction when condﬁcted at a slightly
elevated temperature showed diminished catalytic activity.

Further investigation of the antimony chloride-methanol
system was discontinued because of its relatively high cost,
its corrosive attack on the reactor, and the difficulty in
its separation from the reaction products. The difficulty in
separation from reaction products is due to antimony chloride

producing insoluble oxychlorides such as SbOCl and Sb,0.Cl

475772

when dissolved in water (C5).

Phosphoric Acid

Use of massive amounts of catalyst with an attendant
high cost of recovery makes it desirable to use the cheapest
catalyst available that has reasonable activity. Coal lique-
faction cannot be unique to molten-halide Friedel-Crafts cata-
lysts. It is possible that by selecting proper reaction condi-
tions, similar resuits might be obtained with some liquid pro-
tic acid such as phosphoric, hydrofluofic or sulfuric acid.

Phosphoric acid is a relatively strong acid, essentially
non-oxidizing. It provides a source of protons which can
lead to cracking reactions by a carbonium-ion mechanism. It
is compatible with decomposition products of the heterocatoms in

coal and in case catalyst recycle is desired, any carbonaceous
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residues can be eliminated through oxidative regeneration.
McLean (M9) studied the effect of a wide range of con-
centrations of phosphoric acid on coal conversion. He showed
that 85 to 95% range, the remainder being'water} gave the
best conversion resuits. In the absence of additives, less
than 25% of the carbon content of coal was converted to pyri-
dine-soluble materials. This poor conversion was believed
due to phosphoric acid activating the coal to give rapid bond
cleavage without commensurate fragment stabilization, so that
repolymerization then produces refractory insoluble materials.
In this study whose results are shown in Table 19.
ethanol was added to the phosphoric acid to cap the scission
fragments, whereas the zinc chloride was added to raise the
hydrogenation activity. The solubilization of coal was low.
This could be due to insufficient activation of coal (leaving
the bulk‘unreacted) or excessive activation (leading through
repolymerization to insoluble materials). The possibility of
having produced insoluble char-like materials was investigated
by reacting the sample from Run 49 with ZnCl2 under ﬁhe com=
plete-conversion conditions. This led fo near complete éon~
version, and shows that if insoluble materials were formed,
they are not refractory. Nevertheless, the yields from phos-

phoric acid treatment remain extremely unattractive.

Calcium Chloride with Zinc Chloride

The substantial cost of zinc chloride marnoz it dasirv-

able to reduce the catalyst loading while maintaining good



Table 19.

Effect of Phosphoric Acid on Conversion

(275°c, 800 psig H

2’

30 min.)

+ Cumulative Pct daf-Soluble R
Run Substrate Catalyst Solvent Cyclo- Toluene Pyridine (gm ret. solv./ Corr.
No. (gm) - hexane gm coal org.) Atomic
_ H/C

Ratio

49 coal (50) 90% HypO, cC,H.OH 5 8 32 0.11 0.88

‘ZnCl2
55 PTC (34)* ZnCl2 CHBOH 14 29 98 0.17 0.86
43 Coal (50) ZnCl2 CH,0H 22 37 100 0.12 1.01

* PTC - Phosphoric acid treated coal (Product of Run 49).

+ Amounts used are shown in Table 7.

#

500 psig H2 pressure.

L8
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contact between catalyst and coal. Hence a relatively inex-
pensive salt is sought that would dilute the zinc chloride
melt without seriously reducing its catalytic activity. Cal-
cium chloride was chosen for this study.' Added in small
amounts, it reduces the exchange of zinc ion into coal miner-
al matter, and is neutral in its effect on the catalytic ac-
tivity of zinc chloride (S5).

Table 20 shows that massive amoﬁnts‘of calcium chloride
drastically reduce the coal conversion to only 20% of pyri-
dine-soluble materials. Thus a massive amount of calcium
chloride, or the solvent needed to dissolve it, destroys the
catalytic activity of zinc chloride. As one factor, calcium
chloride in large amounts probably reduces the compatibility
of zinc chloride melt and coal. As another, increasing
polychloro-zinc anions could reduce the concentration of
zinc cation which may well be the active catalyst. As a
third factor, heterocatoms released from coal may reduce the
effective concenfration of zinc chloride as in the following
reaction:

ZnCl2 + NH3 = ZnClZ-NH3
All these factors aggravate the relative scarcity of the
zinc cations, and eliminate the possibility of using calcium

chloride in large amounts.

EFFECT OF REACTION VARIABLES

Various reaction variables were studied to determine



Table 20.

Effect of Massive Amounts of Calcium Chloride on Conversion
(50 gm Coal; 275°C, 800 psig H,, 30 min.)

Cumulative Pct. daf.-Soluble R
Run Catalyst CH.,OH Cyclo- Toluene Pyridine {(gm ret. CH,OH/ Corr.
No. (gm) Logding hexane gm coal org.) Atomic
' (gm) .. BR/C

ratio

-% none - 0 1 12 - 0.98

43 ZnC12 (250) 35 22 37 100 0.12 1.01

45 znCl, (79) 64 3 5 0.44 0.60

CaCl2 (158)

* Untreated coal.

21

68
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their effect on product distribution.

Temperature

The effect of operating up to.BOOOC,was studied and the
results are shown in Table 21. Comparing the runs at 275 and
300°C, there is no incentive to operate at the higher temper-
ature. Increasing the temperature, increases the incorpora=-
tion of methanol and reduces the correctéd H/C ratio.

The minor effect of teméerature up to BOOOCP on both
coal sclubilization and product distribution, can be ascribed
to a combination of reasons: firstly, it may be that all the
reaction of a given type (like the cleavage of C-O bonds) is
accomplished at 275°C such that operating at 300°C is not
helpful. Secondly, Table 30 shows that total pressure in-
creases with temperature, this increase being attributed to
methanol and its dehydrogenation product, dimethylether, in
the gas phase. Thisrwill reduce the methanol concentration
in the liquid phase and therefore decrease the effectiveness
of increased reaction rate at 300°C.

Conversion of preasphaltenes into oils requires the
cleavage of C~C and C-N bond types in coal. This can be ac-
complished at temperatures beyond 300°c. Operating at this
temperature regime demands an optimum temperature-staging

procedure that can prewvent char formation.

Staging and Time

Staged prcgression of two or more reaction Lemperatures

was studied to search for the conditions that would give the



Table 21. Effect of Temperature on Conversion
(250 gm ZnClz, 50 gm Coal; 30 min.)
Cumulative Pct daf-Soluble R
Run Tgmp. H, CH,OH Metallic Cyclo~ Toluene Pyridine (gm ret. CH3OH/ Corr.
. No. (C) Pressure Loaaing Zinc hexane . gm coal org.) Atomic
« (psig) (gm) (gm) g ‘d-) m/C
‘ Ratio
5 275 500 25 - 17 31 89 0.11 0.95
54 300 - 500 25 - 17 31 92 0.16 0.88
51 275 800 35 8 32 47 100 0.05 1.15
77 300 800 35 8 33 50 100 0.09. 1.04

16
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highest production of oils. The results obtained are given
in Table 22.

Operating the reactor at 275°C (Run 51) and 300°C (Run
77) indicates no significant advantage for 300°¢c. However,
reacting initially at 275°C and later at 300°¢C for only 15
minutes (Run 68) results in higher conversion to oils.

Reaction at 325°C (Run 72) shows an increase in oils over
275°C or 300°C but a drop in oil quality (as will be shown
later) énd in total conversion (implying production of insol-
uble materials).

By reacting the coal first at 275°C and 300°C in turn,
operating at 325°C for 15 minutes (Run 67) and 30 minutes
(Run 73) show complete conversion with a considerable increase
in oils over Runs 68 and 72. An experiment with four 10-
minute stages between 250°¢ and 325°% (Run 78), kinetically
similar to 15 minutes at 2750C, and 15 minﬁtes at 325°C, gave
results between those in Runs 68 and 67. These results sug-
tested that while first-stage reaction at 275°C is beneficial,
no further advantage is obtaiﬁed with first-stage reaction at
250%C.

Runs 67 and 73 are clearly the best of this series. From
the result of Run 77, the separate stage at 300°¢ appears un-
necessary. Kinetically, Run 67 is equivalent to 20 minutes
at 275°C followed by 20 minutes at 325°C, and Run 73 is 20
minutes at 275°C followed by 35 minutes at 325°C. The slight
gain in oils for the latter run is not believed sufficient to

- justify the longer residence time. Hence for this degree of



Table 22.

Effect of Temperature Staging on Conversion

(250 gm ZnCl
800 psig Hz)

27 50 gm Coal,

35 gm CH

8 gm Zn;

Cumulative Pct. daf.-Soluble

* One recharge of hydrogen between stages.
** Two recharges.

*** Three recharges.

Run Tgmp. Time Cyclo- Toluene Pyridine Corr. Atomic
No. ("C) {min) exane H/C Ratio
70 275 15 31 45 99 1.00
51 275 30 32 47 100 1.15
717 300 30 33 50 100 1.04
68 -275/300% 15/15 38 51 100 1.11
72 325 30 46 60 97 1.08
67 275/300/325%* 15/15/15 51 65 100 1.11
73 275/300/325%%* 15/15/30 54 64 100 1.19
78 250/275//300/325%* 10/10//10/10 40 56 100 1.06

- 74 275/300/325/340*** 15/15/15/15 51 60 100 1.13
82 275/300* 15/30 35 53 98 1.10

€6
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coal conversicn, at this point in our consideration of reac-
tion variables, two-stage operation with 20 minutes residence
at 275°C and 20 minutes at 325°C seems the best.

The adequacy of the hydrogen charge for the batch lique-
faction experiments was investigated. Hydrogen is consumed
both in the removal of oxygen from the coal (with formation
 of water) and in increasing the H/C ratio above that of raw
coal. Even at our highest pressure, the quantity of hydrogen
charged.is too close to the stoichiometric requirements. In
order to rectify this situation, hydrogen was replenished
once or for each stage in several tests so as to maintain a
high concentration of hydrogen throughout the reaction.

In one case, a direct control experiment was made (Run 69)
without mid-conversion replenishment of the hydrogen. Table
23 shows Run 67, for which fresh hydrogen was introduced during
each stage of the reaction gave high yields of both oils and
asphaltenes. In a flow reactor it would be possible to main-
tain a high hydrogen concentration throughout the reaction by
introducing fresh hydrogen stream at various points along the
reactor with simultaneous bleed-off of depleted gases at one
or more points to reduce the water vapor concentration.

The effect of temperature beyond 300°C on the product
distribution is shown in Table 22. Figure 12 shows that at 15
minutes reaction time, the yield of oils increases with temper-
ature up to 325°C where it tends to level off., A rapid in-
crease in yield is observed between 300 and 325°C. oOn the

other hand, the yield of asphaltenes remains virtually



~ Table 23. Effect of Hydrogen Pressure (During Temperature Staging) on Conversion

(250 gm ZnClz, 50 gm Coal, 8 gm Zn, 35 gm CH

j0H; 275, 300, 325°%,

15 min. per stage, 800 psig H2)

Cumulative Pc¢t. daf.-Soluble

Run Mode of Hz Addition Cyclo~- Toluene Pyridine Corr. Atomic H/C Ratio
No. hexane

69 No recharge 46 56 100 1.10

67 Recharges between stages 51 65 | 100 1.11

S6
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constant whereas that of preasphaltenes decrease with increas-
ing temperature up to 325°%.

For a 30-minute residence time, Figure 13 shows that the
yield of oils increases with temperature, the bulk of the in-
crease occurring between 300 and 325°C. A decrease in the
production of asphaltenes is observed, being reduced by ap-
proximately one third at 325°C. The yield of preasphaltenes
also decreases with increasing reaction temperature. This sug-
gests tﬁat as the reaction temperature increases, the zinc
chloride-preasphaltene complex is partly broken, and the pre-
asphaltenes are further hydrocracked to produce oils either
directly or through initial conversion to asphaltenes.

Increasing the reaction temperature to 340°C decreases
the yield of asphaltenes, while that of preasphaltenes is in-
creased and the yield of o0ils remains unchanged. However, a
deterioration of the oils is observed (to be discussed later).
These results point to the need to extract the oils prior to
higher temperature (above 325?C) treatment. Aromatic compounds
like naphthalene and methyl naphthalene with high solvent ac-
tion are likely candidates as extraction solvents.

The effect of temperature on the H/C ratio of the melt
treated coal and the various extraction products is ‘shown - in
Figure 14. The H/C ratio of the melt treated coal increases
with temperature, the sharpest increase occurring between 275
and 300°C after which a more moderate increase is observed.
The o0ils and asphaltenes show a decrease in H/C ratio with in-

creasing temperature. In the former, a substantial decrease
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is observed between 275 and 300°C whereas no significant dif;
ference is observed between.BOOvand.BZSOC. In the latter,
whereas no differehce occurs between 275 andeOOOC, a consid=-
erable decrease in the H/C ratio is observed above 300°.
Below 325°C, there is no significant change in the H/C ratio
of the preasphaltenes, whereas a considerable increase is ob-
served above 325°c.

The likeiihood of increased hydrogenation of the pre-
asphalﬁenes with higher reaction temperatures is very encour-
aging considefing their further conversion to oils. The
sharp reduction in the hydrogen content of the asphaltenes at
temperatures above BOOOC, further stress the importance of sol-
vent extraction after reactions at 325°C prior to higher tem-
perature treatment.

Figure 15 shows that increasing the yield of oils in-
creases the nitrogen content in preasphalténes. Table 24 shows
the segregation of nitrogen in the preasphaltenes. It is in-
teresting to observe that the nitrogen content of the oils de-
creases with temperature.

The nitrogen content of préasphaltenes appears to con-
stitute a significant parameter in their conversion to oils.
This clearly demonstrates the need to denitrogenate the pre-
asphaltenes in order to facilitate their conversion to oils.

The effect of reaction time on conversion is given in
Table 22 and Figures 16 and 17. Figure 16, for 2750C, shows
that all the product‘fractions increase with reaction time.

- The most rapid increase is observed in the first 15 minutes.
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Table 24. Nitrogen Content of 0ils and Préasphaltenes
(15 min. and 800 psig H2 per stage)

Run Tempegature Oils Preasphaltenes
No. (7C)

Nitrogen Content (%)

70 275 0.29 3.20
68 275/300 0.18 4.31
67 275/300/325 0.23 4.84

74 275/300/325/340 0.13 6.76

0T
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At higher reaction time, the oils and asphaltenes level off
whereas the yield of preasphaltenes slightly decrease.

at 325°% (Figure 17), following two l5-minute stages of
reaction at 275° and 300°C, the yield of oils increases
sharply in the first 15 minutes, and only moderately there-
after. After the first 15 minutes, the conversion to sol-
uble products is complete, so that subsequently the preasphal-
tenes diminish by about 5%.

These effects of reaction time and temperature directly
influence the H/C ratio of the melt-treated coal as shown in
Figure 18. The result at 275°C and 15 minutes contact
(roughly 1.0) is an important reference. Adding 15 minutes
more at 275°C brings the H/C ratio to around 1l.l1. Substitut=-
ing 15 minutes at BOOOC, plus heatup to 3250C, also brings
the value to 1.1. The treatment at 325°C increases the oils

content, and raises the H/C toward 1l.2.

Methanol Loading

No significant effect of methanol loading (35 to 65 gm)
on product distribution was obtained, as shown in Table 25.
Possibly a very low or very high methanol loading (say 15 or
90 gm) would have shown more effect. A low loading would not
give enough viscosity reduction and melting point lowering,
and a high loading would lead to an excessive vapor pressure.
Since an increase in methanol loading to 65 ém did not alter
the yvield of oils, the 35 gm used in this zcoudy remains the

recommended loading.
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Table 25. Effect of Methanol Loading (During Temperature Staging) on Conversion
(250 gm 2znCl,, 50 gm Coal, 8 gm Zn; 250, 275, 300, 325°¢,
10 min. per stage, 800 psig H, recharged after second stage)

Cumulative Pct. daf.-Soluble

Run CH.OH Cyclo- Toluene Pyridine Observed Atomic H/C Ratio
No. : Logding hexane .
(gm)
78 35 40 55 100 1.06
86 50 41 53 100 1.25

81 65 | 39 52 100 1.20

LOT
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Coal Particle Size

The effect of particle size on coal conversion was
studied, with the results shown in Table 26. It is clear
that particle size, within the range sﬁudied, has no effect
on either coal solubilization or product quality as measured
by H/C ratio. Other investigators (C6, P7, J2) have also
found that coal hydrogenation rates are largely independent
of particle size. This finding indicates that mass transfer
and diffusion are negligible undér'the present operating
conditions.

The deep catalyst penetration shown in the SEM studies
(to be discussed later) coupled with particle size, within
the range =30 +100 mesh, being an insignificant parameter in
coal liquefaction (within the conditions studied) indicate
that the zinc chloride system could still be effective on
very coarse particles. The resulting reduction in coal pre=

paration cost will be beneficial.

Additional Investigations

Water-Gas Shift Reaction

Producing liquid fuels with H/C ratios in the range of
1.3 to 1.5 from a sub~bituminous coal with an initial H/C
ratio of about 1.0 and an 0O/C ratio of about 0.2 will in-
volve considerable consumption df hydrogen. Pure hydro@en
is relatively expensive and its cost contributes a signifi-
cant component in the overall cost of the coal liquefaction

process. Hence any effort aimed at reducing hydrogen



Table 26, Effect of Particle Size on Conversion

(250 gm ZnClz, 50 gm Coal, 25 gm CH3OH;
275°C, 500 psig H,, 30 min.)
Cumulative Pct. daf.-Soluble R
Run Particle Cyclo- Toluene Pyridine Corr. (gm reg. CH,O0H/ Corr. Atomic
No. Size hexane Sol. gm coal org.) H/C ratio
(mesh)

5 -30+60 17 31 89 88 0.11 : 0.95

64  -60+100 15 28 84 82 0.09 | 0.96

60T
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consumption, will contribute favorably to the economic com-
petitiveness of coal liquefaction process.

The possibility of water-gas shift reaction occuring
under our reaction conditions was invesﬁigated and the re-
sult is shown in Table 27. 1In Runv58, a mixture of carbon
monoxide and hydrogen, which is less expensive than pure hy-
drogen, was charged into the reactor. During the reaction,
water is generated through deoxygenation reactions of coal.
Production of carbon dioxide as a by-product is highly de-
sirable since it is more economical to lose oxygen as carbon
dioxide instead of water.

The higher methanol incorporation shown in Run 58 is in-
dicative that more of the total reactive fragment—stabilizé—
tion occurs through alkylation, as is generally the case at
low hydrogen pressure. This, in addition to the lower H/C
ratio of the melt-treated coal, demonstrate the ineffective-
ness of the added carbon monoxide.

Alternate Solvent

After an extensive solvent screening test conducted by
Shinn (S5), aimed toward high product.solubility and low in-
corporation, methanol was chosen as the preferred solvent
for zinc chloride. To examine the possible benefit of using
a solvent containing a nitrogen atom, acetonitrile was selec-
ted for trial. Table 28 shows that acetonitrile reduces the
catalytic activity of zinc chloride. It is likely that ace-
tonitrile co-ordinates sites with the cazzlves, =nd ths re-

sults suggest that such a complex is not catalytically



Table 27. Water-Gas Shift Reaction
(250 gm ZnClz, 50 gm Coal, 25 gm

CH j0H; 275°C, 30 min.)

Cumulative Pct. daf.-Soluble R
Run Additives H, . co Cyclo- Toluene Pyridine (gm ret. CH,OH/ Corr.
No. PresSure Pressure hexane gm coal org.) Atomic
: (psig) (psiy) H/C
: Ratio
»5 none 500 - 17 31 89 _ 0.11 0.95
58 FeCl3* : 300 300 15 27 77 0.22 | 0.85

&*
FeCl2

* Aamounts used are shown in Table 7.

TTT



Table 28, Effect of Alternate Solvent on Conversion

(250 gm 2nCl., 50 gm Coal; 275°C,

2'
500 psig H,, 30 min.)
Cumulative Pct., daf.-Soluble R

Run Solvent Cyclo- Toluene  Pyridine (gm ret. sol./ Corr. Atomic
No. (gm) hexane gm coal org.) H/C ratio

5 CH,0H (25) 17 31 89 0.11 0.95
19 CH3CN (12.5) * 13 56 0.07 0.90

CHBOH (12.5)

* Not determined.

¢TT
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active. Acetonitrile is known to coordinate strongly and

thereby result in a very slow solvent exchange (J3, G4).

PRESSURE-TIME DATA

In order to monitor gas consumption and production during
reaction, the variation of total pressure with reaction time
was recorded. all through each run. A typical variation of
total pressure with reaction time, as observed in a multi-
stage run, is given in Figure 19. The difference between
maximum preséure (Pmax) and hydrogen pressure (PHZ) is con-
sidered a measure of gas production; and the difference be-
tween (Pmax),and final pressure (Pfinal) is used as a mea-
sure of gas consumption at constant methanol loading.

As Figure 19 shows, after initial pressurization with
hydrogen during heatup, the pressure increases to a maximum
which occurs at the reaction temperature. For the 275°%¢
stage, the pressure decreases sharply in the first two min-
utes of reaction, and more slowly later. At the end of the
reaction, the reactor is depressurized, and repressurized
at 200°c. 1In the 300°C stage, the pfessure rises during
heatup, sharply decreases in the first five minutes, then
rises to a second maximum, followed by a slow decrease.
During the 325°% stage, the initial decrease is similar to
that at BOOOC, after which the pressure buildup continues
until the end of the treatment (perhaps sucgesting that some

decomposition or dehydration occurs).
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The peak pressure observed in the 275°C stage is higher
than those in the later higher-temperature stages, due prob-
ably to the loss of both water and methanol during the first
depressurization.

The variation of pressure with time was studied under var-
ious reaction conditions. Addition of metallic zinc (Table
29) leads to a greater pressure drop interpreted as an in-
crease in hydrogen consumption which correlates well with
the higher H/C ratio of the melt-treated coal (Figure 9).

Many inorganic salts, as additives, considerably increased

the total pressure and final net gas production. Table 30
lists these additives in the order of increasing gas re-
lease; zinc oxide (with ammonium chloride) had the least ef-
fect, and zinc oidide and zinc cyanide the greatest. The gas
P

consumed, measured by (P is closely related to

final)’

the calculated H/C ratioc of the reaction product (Table 30).

max

Increasing the reaction temperature from 275°¢ to 300°c
at two different methanol loadings and hydrogen pressures
(Table 31) considerably incréases the maximum pressure.
Higher vapor pressure and increased conversion at higher
temperature jointly explain the results. Measurements of
the separate effects of hydrogen pressure and methanol load-
ing were also made. Table 32 shows that higher hydrogen
pressure gave a smaller buildup and a larger gas consumption,
in good agreement with a higher H/C ratio. Higher methanol
loading (Table 33) increases the pressure rise, and

diminishes the gas consumption. The effect of other reaction



Table 29.

Effect of Metallic Zinc on Pressure Variation with Time
OH:; 2750C, 800 psig H

(250 gm ZnClz, 50 gm Coal, 35 gm CH
30 min.)

3

ggn ngggng Pméx ’Pfigal PmaxTPH2 Pmax“Px_‘.inal
* (psig) (psig) (psi) (psi)
(gm)
43 none 1050 740 250 310
44 4 1030 695 230 | 335
51 A 8 1080

740 280 340

9TT



Table 30. Effect of Inorganic Additives on Pressure Variation with Time
(250 gm 2ZnCl., 50 gm Coal, 25 gm CH.,OH; 275°C, 500 psig H

27 3 27
30 min.)
) ’ [ * . aun hand

Run Additives Prax Pfinal Prax~Fr PraxFfinal
No. X s . 2 .

(psig) (psig) (psi) (psi)
‘5 none - 610 510 110 100
57 NH,C1 700 500 200 ‘ 200

Zn0O

52 AgCl , 700 540 200 160
53 CuCl,, ’ 710 570 210 140
65 GaCl, 710 610 210 100
66 Znl, 720 | 630 220 90
47 Zn (CN) , 760 630 260 130

* Amounts are given in Table 7,

LTT



Table 31. Effect of Temperature (275 vs 300°C) on Pressure Variation with Time
(250 gm ZnClz, 50 gm Coal; 30 min,)

ﬁg? ?82?' ngaggg‘ PHZ‘ Pmax Pfinal Pmax-PH2 Pmaxfpfinal
(gm) (psig) (psiq) (psig) (psi) (psi)

5 275 25 500 610 510 110 100

54 300 25 500 780 620 280 160

51% 275 35 800 1080 740 280 340

77% 300 35 800 1170 89‘0‘ | 370 280

* 8 gm Zn added

8TT



Table 32,

Effect of Hydrogen Pressure on Pressure Variation with Time

{250 gm ZnCl,, 50 gm Coal, 35 gm CH.,OH; 2750C, 30
. 2

3

min,)

ggn PH2 P asx Ptinal Prax Fu Prax Ffinal Corr. Atomic
: (psiqg) (psig) (psig) (psi) (psi) H/C Ratio

59 500 810 570 310 240 0.96

43 800 1050 740 250 ' 310 1.01

61T



Table 33. Effect of Methanol Loading on Pressure Variation with Time
(250 gm ZnClz, 50 gm Coal; 275°C, 500 psig Hy, 30 min.)

‘ Run CH3OH Pmax Pfinal Pmax"PH2 Pmaxupfinal Corr, Atomic
No. Loading (psig) (psig) (psi) | (psi) H/C Ratio
(gm) ' o
5 25 610 510 110 100 0.95
59 35 810 570 310 240 ' 0.96

0CT



121

variables on the pressure variation with time is summarized
in Tables 34 to 37 and presented in Appendix A.

In general, the direct relationship between gas con-
sumption and the H/C ratio of the melt-ﬁreated coal clearly
demonstrates the participation of molécular hydrogen in sta-

bilizing reactive fragments produced during the reaction.

ANALYTICAL PRESULTS

Scanning Electron Microscopy

The treatment conditions and extraction yields of samples
examined by scanning electron microscope are given in Table
38. Untreated coal (Figure 20a) exhibits a compact structure
with a coherent textiyred surface. Ité structure is that of a
series of layers cemented together.. When treated with phos-
phoric acid (Figure 20b), the coal shows no severe structural
change, even though cracks develop and surface roughness is
reduced. However, when the sample from phosphoric acid treat-
ment is subjectéd to zinc chloride-methanol treatment, exten-
sive structural change takes place (Figure 20c), consonant
with the high conversion obtained. There is an absence of
solubilized materials deposited on the surface which could be
due to a reduction in the yield of oils by nearly a half when

phosphoric acid treatment precedes treatment with zZnCl On

2‘
the other hand, coal reacted with ZnCl2 under the same condi-
tions without previous phosphoric acid treatment (Figure 204)

shows a relatively smooth, less pitted surface, seemingly

coarser grained than Figure 20c.



Table 38. Treatment Conditions and Extraction Yields for Coal Samples Examined
by Scanning Electron Microscope' ’
(250 gm 2nCl,, 50 gm Coal, 35 gm CH,0H; 800 psig H, per stage)

Run Substrate Temp., Time Additives Total Solubility

. No. ' (°c) {min) {gm) (pct. daf.)

02 - Coal - 25 : 0 none : 12

497 Coal 275 30 90% H,PO, (150) 24

55 prc 49° 275 30 none | | 98

43 Coal 275 30 none 100

51 Coal 275 30 zn (8) 100

73 ‘Coal 275/300/325*%  15/15/30 7Zn (8) 100

76 Coal 275/300/325% 15/15/0°  zn (8) 100

2 Untreated Coal.

b

34 gm phosphoric-acid-treated coal (Dried product from Run 49).
Heatup only to 32500.(1ess than 3 min. above 300°C).
* Three stages.

Q

* Reaction conditions given in Table 7.

ct
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100pm {a) - 100um (b}

100m (c) 1004m (d)
XBB 804-5025

Figure 20. (a) Untreated coal
(b) Phosphoric acid treated coal (275°C, 30 min)
(c) Coal (b) after ZnC12~CH30H treatment (275°C, 30 min)
(d) Coal (a) after ZnClz—CH3OH treatment (275°C, 30 min)
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The residue from the untreated coal after pyridine ex-
traction is shown in Figure 2la, with distinct shallow cracks
but no massive change. The residue from phosphoric acid
treatment éfter pyridine extraction (Figure 21b), shows a con-
siderable structural change, consistent with the difference
in solubilization between phosphoric acid treatment (24%) and
untreated coal (12%). After zipc chloride-methanol treatment
of phosphoric-acid-treated coal (Figure 2lc), the residue
shows large aggregates of materials whereas without prior
treatment with phosphoric acid, the residue (Figure 21d) is a
conglomerate of fine grains.

IncreaSing the reaction time from 275°C to 325°C leads
to destruction of the surface features of the treated coal
due presumably to melting and resolidification of the reaction
products. There was.a significént increase from 32% to 54%
in the yield of oils accompanied by a corresponding decrease
from 53% to 36% in the yield of preasphaltenes. Figure 22a,
the same as Figure 20d, shows. some deposition of wax-like
materials on the surface with the dramatically eroded struc-
ture of native coal beneath. After treatment at 325°C,

Figure 22b shows a structureless, nearly homogeneous material.

The micrographs of the residues after pyridine extrac-
tion for coal treated at 275°C and 325°C.are shown in Figure
23a and Figure 23b respectively. Figure 23a shows a fine
grain structure of agglomerated materials that are highly con-
densed and compact. At the higher temperature, a uniform,

relatively smooth structure consisting of extremely fine
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25m (a) 100/.Lrﬁ (b}

100m (c} 10046m (d)
XBB 804-5024

Figure 21. (a) Untreated coal after pyridine extraction
(b) H3P04=treated coal after pyridine extraction
(c¢) Residue of (b) after ZnClZ-CHSOH treatment
(d) Residue of (a) after ZnC12_0H3OH treatment



Figure 22.

ZnClz-CHBOH treated coal (30 min)

(a) 275°C

(b) 325°C

804-5015

9¢71



100Fun

Figure 23.

B

ZnClz-CH3OH treated coal (30 min)

(a) 275°C (b)325°C

100yxn

after pyridine extraction

(b)
XBB 804-5016

LTT
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grain structure of agglomerated materials that are highly
condensed and compact. At the higher temperature, a uniform,
relatively smooth structure consisting of extremely fine
grains is observed. It is most likely that at.325°C, the re-
moval of coal is so complete that the original structure of
the mineral matter collapses. The reduction in grain size of
the mineral matter will increase its dispersion in the coal
matrix and maf enhance its subsequent catalytic activity.

Ash diéposal will also be aided;

Heatup of coal to 325°C, which takes less than 3 minutes
above 300°C, shows a different productvdistributién and a
structure less changed (Figure 24a). Figure 24a, for this
coal reacted at 275 and 300°C, shows depositioh of solubilized
and later solidified materials on the surface. Figure 24b,
the same as Figure 22b, has already been discussed.

Figure 25a shows the pyridine-extracted residue from
Figure 24a, consisting of individual fine grains very similar
to those obtained after reaction at 275°C. Figure 25b is the
extraction residue after 30 minuteé' reaction at 325°C (same
as Figure 23b), with a homogeneous smooth structure.

Summarizing, reaction temperature, time, and conditions
have very dramatic effects on the structure of the evolving
solid material. It is significant that the changes obtained
at 325°¢ appear exhaustive and complete, and that changes as
extensive cannot be obtained with zinc chloride at any lower

temperature.
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100m (a)  100m (b)
XBB 804-5018

Figure 25. ZnClz-CH3OH treated coal (325°C) after pyridine extraction
(a) Heatup only (b) 30 min reaction time
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Gel-Permeation Chromatographv

The effects of reaction conditions on the molecular-
weight distribution of product fractions from coal were ex-
amined by gel-permeation chromatcgraphy; The runs in which
these products were prepared are shown in Table 39. Previous
work in this Laboratory (S5) indicated that preasphaltenes
are most stable, and that molecular~weight reduction within
that fractionlis a prelude to asphaitene and oil formation.
The effect of temperature on the molecular-weight distribution
of preasphaltenes was therefore investigated.

Figure 26 shows that treatment at 325% resulted in a
molecular-weight reduction culminating in dominance by low-
molecular-weight components. With the same attenuation, the
area under the 325°C GpC tracing is slightly over 50% of
that at 275°C. This indicates a reduction in the fused-ring
aromatic structures, since at 313 nm, these are the major ab-
sorbing species. This reduction in molecular size of pre-
asphaltenes after treatment at 325°C ‘(taken together with a
reduction in the amount of préasphaltenes) suggests. strongly
that at a higher temperature, further molecular-weight reducf
tion of preasphaltenes may be achieved (this observation is
strongly supported by a low melting point of the 325°%C pre-
asphaltenes as shown in Table 41).

Asphaltenes and oils (Figure 27) derived from the 325°
run show a similar shift towards lower-molecular-weight
components. Despite the prospects of further rezction at

higher temperature, no significant difference in the



Table 39. Treatment Conditions and Extraction Yields for Samples Examined by

Gel-Permeation Chromatography

(250 gm ZnClz, 50 gm Coal, 35 gm CH30H; 800 psig H2 per stage)

Cumulative Pct,

daf.-Soluble

¥ Three stages.

+ Heatup to 325% (less than 3 minutes residence time above 300°C).

" Run Tgmp. Tiye Additive Cyclo- Toluene Pyridine
- No. (7C) (min) {gm) hexane

43 275 30 ﬁone 22 37 100

51 275 30 Zn (8) 32 47 100

76 275/300/325% 15/15/0+ Zn (8) 37’ 55 100

73 275/300/325% 15/15/30 Zn . (8) 54 64 100

CET
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chromatograms was observed when the various product fractions
from 325°C and 340°C were compared.

Figure 28 shows that reaction time has considerable ef=-
fect on the molecular size distribution of preasphaltenes.
Heatup to 3250c'after prior treatment at both 275 and 300°¢
does not significantly alter the molecular size distribution
when compared.with the GPC tracing at 275°C, whereas after
30 minutes reaction, considerable molecular-weight reduction
is observed.

The addition of metallic zinc (Figures 29 and 30) re-
sults in inclusion of higher-molecular-weight components in
the oils, probably somewhat in proportion to the greater
yield of oils observed with addition of metallic zinc.

Summarizing, operation\at 325°C narrows the molecular-
weight distribution in the preasphaltenes and may widen the

distribution for the asphaltenes and oils.

Melting=-Points of MTC Fractions

The extraction products from various treatments were
further characterized by deﬁermination of their melting
points with the assistance of Michael Johnson. The effect of
reaction variables including temperature, hydrogen pressure,
reaction time, and metallic additives on melting point was
studied.

Because many of the comparative runs were made with
added zinc metal, the effect of metallic additives on melting
points will be reviewed first (Table 40).. The addition of

metals widens the melting-point range of both oils and
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Table 40. Effect of Metallic Additives on Melting Points of Extraction Products
(250 gm ZnClz, 50 gm Coal; 275°C, 30 min.)

Run Additives CH.OH H Melting Point (°C)
No. (gm) Loaaing Pres%ure Oils Asphaltenes Preasphaltenes
' (gm) (psig) :
4 sn (1) 25 500 59-118  83-116 *271 to over 400
6 Mo (6) - 25 500 60-91 108-133 over 400
10 Fe (1) 25 500 60-86 124-146 over 400
5 none 25 500 65-69 139~l45._ over 400
2 Zn (4) : 25 | 500 61-96 128-168 over 400
7 Al (2) 25 | 500 88-106 130-179 over 400
43 none - 35 800 62-89 155~-183 over 400
44 zn (4) 35 800 54-71 178-258 over 400

51 Zn (8) - 35 . . 800 58-88 201-259 ~over 400

+ A small amount (less than 5%) melts below 400°C,

6ET
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asphaltenes. Tin produces the lowest median melting points,
and aluminium the highest.

The favorable product distribution obtained by addition
of metallic zinc made further characterization of its product
fractions necessary. The use of increasing amounts of zinc
(Table 40) produced higher-melting asphaltenes. The oils
varied irregularly, without any large change in the average
melting point. No lowering of the melting points of preasphal-
tenes was observed.

The marked effect of increased temperature is shown in
Table 41. Although 300°¢ (compared with 275°C) has no great
effect, a further increase to.325°C produces generally lower
melting-point ranges for all the products. With 30 minutes at
325°C or 15 minutes at 340°C, the oils did show deterioration.

Most remarkable is the low melting point of the preas-
phaltenes treated at 325°C. The preasphaltenes begin melting
as low as 190°C; up to 400°C in the best case, about 30% has
melted. This behavior is corroborated by indications from
GPC data that the preasphaltenes obtained at 325°C contain
more lower-molecular-weight components.

Increasing the temperature to 340°C results in a sharp
increase in the melting point of the oils. In order to
avoid such retrogressive reactions, it would be essential to
extract the oils after treatment at 325°C before starting
any higher-temperature treatment.

The reduction in the melting point of preasphaltenes

~after 340°C treatment further supports the reactivity of



Table 41.

(250 gm ZnCl

L 50 gm Coal,

35 gm CH

Effect of Reaction Variables on Melting Points of Extraction Products
OH; 8 gm Zn)

Run

Time

Melting Points (OC)

Temp. . H, Oils Asphaltenes Preasphal-
No. (7C) {(min) Pressure tencs
(psig)

51 275 30 800 58-88  201-259 over 400
77 300 30 800 64-82  167-192 over 400
68 275/300 15/15 800/800 52-73  127-169 over 400
76  275/300/325 1s/15/07t"  800/800/800 52-70  160-200  *189-400+
69  275/300/325 15/15/15 goot* 53-71  172-224  *189-400+
67  275/300/325 15/15/15 800,/800/800 56-67  171-250  *191-400+
73 275/300/325 15/15/30 800/800/800 57-78  141-193  **197-400+
74 275/300/325/340  15/15/15/15  800/800/800/800  85-130 *%%140-400+

155-190

Up to 4000C, approximately * 15%, ** 30%, *** 35% melted; ++ Without repressurizing
+++ Heatup to 325°%¢ (less than 3 minutes residence time above BOOOC)L

CTIPT
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preasphaltenes. This strongly suggests that treatment at
temperatures above 340°C could serve to convert most of the
remaining preasphaltenes into oils. A multi-stage process
can be envisaged, consisting of two staées at 275°C and 325°C,
followed by solvent extraction of oils’and asphaltenes, with
further treatment of the preasphaltenes at a higher tempera-
ture.

The effect of reaction time was also observed. At 325°C,
30 minutes resulted ih about 30% of the preasphaltenes melting
below 400°C, whereas 15 minutes or less led to less than 15%
melting.

At 300°C, increased availability of hydrogen (Run 68)
when compared with Run 77 resulted in lower melting components
in both oils and asphaltenes. However, at 325°C, comparison
of Runs 67 and 69 shows essentially no change in melting point
when the system was repressurized with additional hydrogen.

Summarizing, it can be observed that temperature has a
substantial effect on melting points of the product fractions.
In future studies with ZnCl2 catalysis, higher temperatures
may serve to convert most of the remaining preasphaltenes

(35% at 325°C) into oils.

Salid-State Cross Polarization Carbon-13 NMR
13

The CP-""C NMR technique shows great promise in the char-
acterization of coal components, enabling one to distinguish
aromatic, aliphatic, aliphatic ethers, and condensed aromatic

carbon in model compounts (L6). In the present study, this

technique has been applied tc correlate the effeéts of
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temperature, reaction time and addition of metallic zinc in
coal conversion.

The results are shown in Figures 3; to 35 and summarized
in Table 42. Comparing untreated coal and the MTC from Run 71,
mere heatup to 275°¢ (which takes 7 minutes of reaction ex-
posure above ZOOOC) increases the aromatic content from 53% to
61%. The alkoxy and aliphatié components are decreased from
11 to 8%, and 36 to 31% respectively.

Providing 30 minutes of reaction time at 275°C, with
zinc (Runs 51 vs 71) renders the coal more aliphatic, consis-
tent with the H/C ratios, 1.15 for Run 51 and 0.94 for Run 71.
In both runs, the MTC is more aromatic than the untreated
coal. Without the addéd zinc, 30 minutes at 275°C, Run 43,
gives 3% more alkoxy than in Run 51 (the same alkoxy as in
raw coal), and 3% less aliphatic content.

Increasing the reaction temperature to 325% (Run 73) in-
creases the aromatic carbon content from 57% (Run 51) to 61%.
There is equally.a decrease in. the aliphatic carbon content
from 35 to 31%. However, the increased H/C ratio of 1.19 for
Run 73 when compared with 1.15 for Run 51 is consistent with

a lower average molecular weight.

Gas Analysis

The effect of temperature on the distribution of gaseous
components was studied using combined gas chromatography and
mass spectrometry. Temperature-staged run ranging from 275%

to 340°C was selected for analysis, and the results obtained
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Figure 31 .

CP-lSC NMR spectrum of melt-treated coal
(275°C, heatup only, with zinc)
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Figure 32 .

CP-13C NMR spectrum of melt-treated coal
(275°C,30 min, without Zn)
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Figure 33 .
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Figure 34 .
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Table 42. Solid State CP-""C NMR Analysis of Melt-Treated Coals

Composition (%)

 samples Aliphatic Alkoxy = Aromatic Reaction Conditions
Untreated Coal 36 11 | 53 Wyodak Sub-bituminous Coal
Run 71 31 | 8 61 27500, heatup only, 8 gm Zn
Run 51 K 35 8 57 " 275°C, 30 min, 8 gm Zn
Run 43 32 o1 57 - 275°C, 30 min.
Run 73 ’ 31 | 8 | 61 3250C, 30 min, staged process,

8 gm Zn

67T
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are shown in Tabkle 43.

Hydrogen, carbon dioxide, and butane are the major com-
ponents. At 275°C, hydrogen consumption is maximum. This
is supported by solubility data which show that a good per-
centage of the reaction occurs at 275°¢. Maintaining a
high concentration of hydrogen all through the reaction has
been shown to be highly beneficial. However, maximum hydro-
gen consumption is 0.027 gm H,/gm C or 0.016 gm H,/gm
Coal.

Dimethyl ether and methyl chloride decrease as conver-
sion progresses. The mechanism and kinetics of their forma-
tion from methanol in this reaction system are not known.
The total lost, including methanol, in the vapor is less
than 10% of the methanol imput, which occurs mainly at the
beginning of the reaction.

Both carbon dioxide and carbon monoxide decrease as con-
version progresses. Some carbon oxides may come from miner-
al carbonates, some from carboxylic acids in the coal, and
some perhaps from certain liduefaction,reactions.

Total gaseous products amount to 4 gm at 275°C. This
decreases to 2.1 gm at the 300°¢ stage, with a slight in-
crease 2.2 gm at 325°C and a decrease to 1.8 gm at the 340°%¢
stage. Methanol in the gaseous products decreases sharply
from 0.94 gm at 275°C to 0.07 gm at 340°C. Total carbon
loss during the four-stage depressurization is 6 gm.

There is no significant increase in the production of

hydrocarbon gases as the conversion proceeds. This suggests
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Table 43. Gas Analysis for Staged Pressurization and

Depressurization

(250 gm ZnClz, 50 gm Coal, 8 gm zn, 35 gm CHBOH;

275°, 300°, 325°,. 340°%C; 15 min. per stage,

800 psig H, in each stage.)

Concentration, mole - %

275° 300°¢ 325% 340°%
H, 78.41 90.28 90.05 90.12
CH3OH 0.52 - - 0.49
CH,O0CH, 1.78 0.12 0.02 0.04
CH,C1 3.28 0.41 0.10 0.03
co 1.76 0.54 0.54 0.38
co, 7.68 2.36 1.86 1.44
CH, 1.44 0.52 0.73 1.44
CiHg 0.79 0.37 0.94 1.00
CuHyg 2.44 2.99 2.63 3.20
Cg-Cq 1.89 2,00 2.75 1.51
NH ¥ - A 0.01 0.003 0.005
H, 0% - 0.39 0.37 0.33

+ Values inaccurate due to adsorption on column surfaces.
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that even at high temperatures, gas production may be low.
There is need to determine the kinetics of the conver-

sion of methanol to dimethyl ether and other products.

This will be useful in determining the contribution of meth-

anol to these materials in the coal liquefaction reactions.

Mofeover, the effects of these materials on conversion can

then be determined.

- DISCUSSION

The goal of this study has been to increase the conver-
sion of coal to oils. This goal has been considerably ad-
vanced with 54% conversion at 325°C. Operating at 325°%¢
was desirable because higher temperature treatment enhances
the availability of hydrogen iﬁ the liguid phase, increases
the rate of depolymerization and solubility of reaction pro-=
ducts, and cleaves the zinc chloride-preasphaltene complex.

The increase in oil yield has been accompanied by a de-
crease in preasphaltenes, while the yield‘of asphaltenes re-
main relatively constant. Préasphaltenes as such are not
directly usable as components of a synthetic crude oil, as
they are essentially undistillable. Preasphaltenes when
compared with oils have relatively high molecular weight,
and are richer in nitrogen and leaner in hydrogen than the
other fractions. Their conversion to oils will require re=-
moval of ring nitrogen and perhaps phenolic oxygen both de-
manding substantial hydrogenation.

A good understanding of the chemical factors responsi-
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ble for the stability of preasphaltenes is highly necessary.
This will throw more light on how their reactivity can be im-
proved, Catalytic systems capable of liquefying preasphal-
tenes deserve attention. Probably candidates include soluble
organometallic complexes, such as metal carbonyl stabilized
by partial ligand substitution capable of withstanding the
severe liquefaction conditons. Derencsenyi (D6) has al-
ready demonsﬁrated the stability of some of these materials
up to 300°C. The use of disposable catalysts like a colloid-
ally dispersed precipitated ferrous sulfide can prove useful.

Preasphaltenes obtained from different coals and reaction
conditions will prove useful as substrates in this investiga-
tion. This will determine how these factors affect their
chemical nature.

The reaction involving hydrogenation through molecular
hydrogen uptake of many unsaturated organic compounds is ther-
modynamically feasible, but kinetically less so, due in part
to the stability of the hydrogen molecule. Soluble transi-
tion metal complexes, particularly several of rhodium, have
demonstrated that aromatic molecules can be hydrogenated
under mild conditions (A5-6, E3-4, Bll, M7). Avilov and as-
sociates (A5-6, E3-4), and Holy and co=-workers (H12) have
reported: the striking activity of N-phenylanthranilic acid
complex of rhodium on aromatic compounds including benzene,
anthracene and cyclohexene. As a result of the complexity
and composition of the coal molecule, thc:s: commonly avail-

able hydrogenation catalysts cannot effectively withstand



- 154

the reaction conditions utilized and reaction environment
generated during coal liquefaction.

However, transition metals are reported (J4) to cata-
lyze the activation of hydrogen and thereby facilitate the
hydrogenation of unsaturated organic compounds. The addi-
tion of finely powdered metallic zinc to the zinc chloride
melt has considerably increased the yield of oils through con-
version of pfeasphaltenese ‘Whether zinc metal influences
the primary solubilization of coal directly, or only indirect-
ly, is not now known. The favorable behavior of zinc metal
may be exerted in a finely divided metallic form, or may be
due to its forming liquid-phaée monovalent zinc ion.

In a chronopotentiometric investigation of metal with
salts, Emmons (E5) showed that monovalent zinc ions, possi-
2++ as such or complexed, form when metallic zinc is

added to zinc chloride. The formatipn of diatomic zinc ions,

bly Zn

asymmetrically complexed, could provide an imbalance of po-
larity that would aid hydride formation from molecular hydro-
gen. '

The ability of a catalytic complex to activate molecular
hydrogen and form a metal hydride as shown in Figure 36 is a
necessary, but in itself not sufficient, condition for cata-
lytic hydrogenation. For hydrogen transfer to the preasphal-
tene molecules, they must themselves be co-ordinated to the
metal. Here again, methanol as a solvent and as a complex-
ant, may be playing a very important rols.

Since preasphaltenes contain the bulk of the multi-ringed
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ZnO = ZnH —_— Zn;

Thad

++ |
Zn, + H — Zn2 >

2

R o ++
Zn,H, + PA  — PA-H, + Zn,
PA-H, —— Distillable Products

PA —  Preasphaltenes
PA-H, — Hydrogenated Preasphaltene
Molecules |

XBL 805-5i2l

Figure 36. Conversion of preasphaltenes to distillable
products.
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aromatic compounds in coal, partial hydrogenation will render
them more susceptible to loss of nitrogen or oxygen atoms,
and lead to a reduction in molecular weight. Model compound
studies tend to uphold this assertion. Whereas Salim (s12)
observed that at 3250C, zinc chloride was incapable of
cracking naphthalene, Maienschein (M10) has recently re-
ported that at 300°C, the hydrogenated products of naph-
thalene, tetralin and decalin, are cracked by zinc chloride.
The degree of ring opening increases with hydrogenation, re-
sulting in nearly 50% of decalin cracking in one hour pro-
ducing predominantly cyclohexane.

The eventual development of a commercial liquefaction
process utilizing zinc chloride will depend to a great ex-
tent on the ability to solve zinc chloride corrosion and re-
covery. A zinc lined reactor is increasingly becoming at-
tractive since metallic zinc considerably improves the yield
of oils. However, the solubility behavior of zinc in the
zinc chloride-methanol melt deserves attention. A steep
solubility behavior is undesirable since any temperature
gradient within the reactor will result in resolidification
that may finally clog the reactor. A small amount 6f Zno
that can serve as an HCl acceptor will minimize the corrosive

effect of HCl if produced during the reaction.
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CHAPTER IV

RESULTS OF BIOMASS INVESTIGATIONS
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Reactivity of Wood and Wood-Related Materials

The catalytic effect of the zinc chloride-methanol system
on solubilizing wood and wood components is shown in Table
44. At 250°C with 1 hour reaction time, water and methanol
were separately used as liquefying agénts in solubilizing
cellulose. The methanol treatment, resulted in near complete
conversion to pyridine-soluble materials with as much as one
third of the solubles converted to oils. On the other hand,
the zinc chloride-water system converted only 14% of the
cellulose to pyridine-solubles, with no oils. The super-
iority of methanol over water as a liquefying agent could re-
sult from improved stabilization of reactive fragments
through methylation; possible higher reactivity of zinc
chloride in the methanol medium; or more rapid extraction of
reaction products, leaving the unreacted cellulose more ac~
cessible to catalyst.

Lignin showed nearly 90% conversion to pyridine-solubles,
about one-fifth of which represented oils. The corrected
H/C ratio of 0.99 was slightly below that of unreacted lignin.
The high reactivity of both lignin and cellulose, led us to
expect favorable results from wood also.

Wood was studied with zinc chloride as both wood flour
and chips. Both were completely solubilized under the reac-
tion conditions, with one third of the recovered organics
converted to oils.

On a dry ash-free basis, a carbon recovery of 79% is



Table 44. 2Zinc Chloride Solubilization of Wood and Wood Constituents

(250 gm 2nCl,, 50 gm CH,OH; 250°C, 500 psig H,, 1 hour)
: Recovered Solids, daf. basis, % ‘
Run Substrate = . Oils Asphaltenes Preasphaltenes (gm ret. CH,OH/ Corr. Atomic
No. (gm) . , gm substrate org.) H/C Ratio
11  cellulose (17.5) 35 21 38 0.62 0.42
18" cellulose (17.5) - 1 13 0.00 0.73
20  Lignin (50) 19 19 49 0.16 0.99
21* Wood flour (20) 31 17 52 | 0.30 10.86
24*  Wood chips (20) 34 13 52 0.22 - 0.31
* 25 gm H,0.

* 800 psig H

20

6ST
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obtained with a charge of cellulose, and 90% for both wood
flour and chips. Table 45 shows the amount of recovered
solids for wood, as chips or flour, and wood derived lignin
and cellulose. For wood (as both chips and flour) 12 to 18
gm of solids are recovered for a chérge of 20 gm whereas 10
to 16 gm are recovered from a charge of 17.5 gm of cellulose.
Incorporaticns range from 0.02 to 0.46 of retained methanol
per gram of recovered organic material.

The effect of wvarious reaction variables on wood solu-
bilization was studied. These variables include temperature,

time, hydrogen pressure, and methanol loading.

Effect of Temperature

Experiments with wood flour were conducted at tempera-
tures of 2000, 2250, and 250°C, at a constant hydrogen pres-
sure of 800 psig. The effect on conversicin is shown in Table
46 and Figure 37.

Wood solubilization is highly temperature-dependent,
leading (as already shown) to complete conversion at 250°¢
but less than 10% conversion at 200°C. The yield of oil is
also temperature sensitive; whereas no oil was produced at
200°C, about one third of the recovered organics at 250°C was
in the form of oils. at 250°% also, the incorporation reach-
es 0.30 gram retained methanol per gram of recovered organic

materials.

Reaction Time

Reaction time was varied between 0 (heatup only) and 60



Table 45. Amount of Recovered Solids in Biomass
' Autocldave Experiments

Run* Recovered Solids Substrates Charged
No. {(gm) - {gm)

11 16 Cellulose (17.5)
18 10 Cellulose (17.5)
20 54 Lignin (50)

21 ‘ 16 ' Wood flour (20)
22 13 Wood flour (20)
23 _ 12 Wood flour (20)
24 ' 13 Wood chips (20)
25 | 13 Wood chips (20)
26 15 Wood chips (20)
27 13 A Wood chips (20)
28 12 Wood chips (20)
29 | 12 Wood chips (20)
30 ‘ ‘ . ' 13 , Wood chips (20)
31 18 Wood chips (20)
32 16 o _ Wood flour (20)

* Reaction conditions are given in Table 8.

19T



Table 46, Effect of Reaction Temperature on Conversion
(250 gm chlz, 20 gm wood flour, 50 gm CH.,OH;
800 psig H 1 hour)

3
2l

" Recovered Solids, daf. basis, %

Run TSmp. Oils Asphaltenes Preasphaltenes (gm ret. CH3OH/ Corr. Atomic
No. ("c) : gm wood org.) H/C Ratio

23 200 0 , 0 6 0.02 0.84

22 225 12 9 33 0.25 0.74

21 250 31 17 52 . 0.30 0.86

9T
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Figure 37 . Effect of temperature on sciuni.itfy of wood.
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minutes at 250°C. As shown in Table 47 and Figure 38, conver-
sion is nominal with heatup only. When the reaction time is
increased, 80% conversion is reached within 25 minutes, and
total conversion within 60 minutes.

At the start of the reaction, wood is converted rapidly
to preasphaltenes, with little or no oils or asphaltenes.

Thus the initial reactions involve rupture of a relatively
small number of bonds. As the reaction proceeds, the produc-
tion of oils and asphaltenes increases, but beyond 40 minutes,
the asphaltenes begin to revert to preasphaltenes, and the
yield of oils levels off.

Figure 39 shows the increase in product H/C ratio with
increasing reaction time. The H/C ratio shown in Figure 39,
increases sharply at lower reaction times but approaches a
constant value at 30 minutes. Correspondingly, gas consump-

tion falls off greatly after 30 minutes.

Hydrogen Pressure

The effect of hydrogen pfessure, between 200 and 800 psig
at temperatures of 225° and ZSOOC, is. shown in Table 48 and
Figure 40. At 225°C, about one-fourth of the recovered wood
solids after treatment at 200 psig are pyridine-~soluble, and
at 800 psig about one-half. In contrast, at ZSOOC,'wood sol-
ubilization is essentially complete even at 200 psig, and the
product distribution remains almost unchangedAat higher
pressures. The incorporation ratio, iliustraced in Figure 41,

decreases with increasing hvdrogen pressure at both



Table 47,

2’

250°c, 800 psig H,)

Effect of Reaction Time on Conversion

(250 gm zZnCl 20 gm wood chips, 50 gm CH3OH;

Recovered Solids, daf. basis, $%
Run Time Oils Asphaltenes Preasphaltenes Corr. Atomic H/C Ratio
No. ~(min)
28 0 0 0 11 0.87
27 30 30 15 40 0.91
24 60 34 52 0.91

13

G9T
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temperatures.

The variation of corrected product H/C ratio with hydrogen
pressure is shown in Figure 42. The H/C ratio increases sharp-
ly with hydrogen pressure between 200 aﬁd 500 .psig, as does

the gas consumption, then increases more moderately.

Methanol Loading

The methanol charged was varied from 25 to 75 gm, with
the effects shown in Table 49 and Figure 43. Maximum conver-
sion to soluble products at 225°C occurs with about 50 gm of
methanol for-a zinc chloride loading of 250 gm; this approx-

imates 0.85 mole CH,OH per mole of ZnClZ.

3
Scanning electron micrographs of samples of zinc chlor-
ide-methanol melt treated wood, as will be discusséd later,
shows that there is very good melt penetration into the wood
and that reaction products are extracted thereby exposing the
unreacted wood to further contact with the catalyst systen.

This improved contacting between wood and the melt could be

due to lowering of the melt viscosity with methanol addition.

Oxygen Recovery

Oxygen functionalities, particularly alcohol-OH and ether
-0-, are abundant in the various constituents of wood. The
wood used for this study consists of 44 wt-% of oxygen on a
dry basis. Other heteroatoms, nitrogen and sulfur, occur in
insignificant amounts.

Hershkowitz (H10) and Shinn (S85), in troir study of coal

conversion using zinc chloride, have shown a relationship
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Table 49. Effect of Methanol Loading on Conversion
(250 gm ZnClz, 20 gm wood chips; 225°C, 500 psig H,,

1 hour)

Recovered SBlids, daf. basis, %

Run CH,OH Oils Asphaltenes Preasphaltenes (gm ret. CH3OH/ Corr. Atomic

No. Loading gm wood org.) H/C Ratio
(gm)

30 25 15 7 29 0.23 0.82

31 50 11 11 43 0.37 0.73

29 75 3 5 8 0.02 0.92

€LT
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between oxygen removal and coal solubilization. In the pre-
sent study of wood solubilization, the effect of oxygen remov-
al (determined by difference) is shown in Figure 44. Although
data points are scattered, oxygen removal runs parallel to
wood conversion. The wood constituents.(cellulose and lignin),
when treated separately, each conform to the general pattern.
As Figure 45 shows, heatup to ZSOOC, removes about three
quarters of the oxygen; the remainder is more resistant to
attack, about 20% being removed in 30 minutes and about 5%
highly resistant to attack even after 60 minutes. These re-
sults suggest that wood contains two kinetically distinct
forms of oxygen functionality.

The effect of conversion (Runs 11, 18-32 using cellulose,
lignin, and wood as substrates) on product distribuﬁion is
shown in Figures 46 and 47. At low solubilization, the bulk
of wood converted forms preasphaltenes, with oils and asphal-
tenes increasing with total conversion. As with coal, pre-
asphaltenes are thus the first-formed product. As the reac-
tion proceeds, preasphaltenes increase most rapidly and as-
phaltenes more slowly. This indicates that preasphaltenes
are converted to oils either directly or through initial

intermediate formation of asphaltenes.

PRESSURE-TIME DATA

A typical pressure-time relationship observed during the
reactions is shown in Figure 48. The effect of different reac-

tion variables on the pressure variation with time is shown in
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Tables 50 to 54 presented in Appendix B.

ANALYTICAL RESULTS

Scanning Electron Microscopy

The rate of wood liquefaction greatly depends on the
ability of the catalyst system to penetrate the wood parti-
cles and on the ease with which reaction products can be ex-
tracted.

Residue samples from varying reaction conditions were
examined with a scanning electron microséope in order to ex-
amine their structure. The reaction conditions and the py-
ridine solubilities of the various products examined are
shown in Table 55.

Scanning electron micrographs of cellulose, Figures 49
a and b, show long bundles of materials interconnected by an
irreguiarly woven network of thread-like ana rod-like fibers.
The structure shows open space between fibers suggestive of
high permeability. After treatment with zinc chloride-meth-
anol catalyst, Figure 49c, the surface topography becomes
structureless, and relatively homogeneous; its surface smooth-
ness is most likely due to solubilized material which deposited
and resolidified at the end of the reaction.

The comparative effect 'of using ZnClz-HZO melt instead
of ZnClz-CH3OH is examined in Figures 50a and b. For the
aqueous melt, a thin layer of solubilized and redeposited pro-
duct appears to overlie a relatively unreacted base structure,

unlike the methanol case. When the respective products are



Table 55. Treatment Conditions and Extraction Yields for Wood and Cellulose Samples
Examined by Scanning Electron Microscope
(250 gm ZnClz)

Run Substraﬁe , | Tgmp. Ti@e -ﬁz Pressure | H,0 Cﬁ3OH Total Solubility
No. {(gm) (7C) {(min) ({psig) {(gm) (gm) (Pct. daf.)

21 Wood flour (20) 250 ‘60' 800 o - 50 | 29

23 Wood chips (20) 200 60 BOQ 0 50 ' 6

11 Cellulose (17.5) 250 60 500 0 50 92

18 cellulose (17.5) 250 60 500 25 0 14

24 Wood chips (20) 250 60 800 0 50 98

28 Wood chips (20) 250 0 800 o . 50 11

¢81
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Figure 49. (a,b) Cellulose before treatment

(c) After treatment with ZnGl, ~CH,OH, 250°C, 1 hr
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pyridine-extracted, the aqueous—melt product, (Figure 51b),
shdws a rough, shallow, pitted surface of the unconverted
materials. By contrast, the extraction residue from the
ZnCl

-CH,OH treatment, (Figure 5la), shows a compact lava-

2 3
like structure of mixed mineral and organic material.

Wood chips, as shéwn in Figure 52a, comprise a highly
consolidated tubular fibers, around 30Pm in diamter, which
appears to be cemented into a compact texture of low permea-
bility. At higher magnification, Figure 52b shows rectangu-
lar dome-like structures within the fibers probably bordered
pits connecting longitudinal tracheids with a dual function
of conduction and support.

The effect of zinc chloride on wood chips is shown in the
additional photomicrographs. First, Figures 53a and b show
wood chips subjected to only heatup (up to 250°C), with only
11% solubilization; these show initial distortion and spread-
ing apart of the fibers, with peeling and transverse weaken-
ing. Noncrylsﬁalline hemicellulose and lignin, located in
the outer regions of the wood fibers (M1l) may well be sus-
ceptible to zinc chloride attack, and their removal would
tend to explain the fiber configuration that is Seen here.

As reaction proceeds at 250°C, the fibrous structure disin-
tegrates almost completely (Figure 53c).

The same product from heatup only, after pyridine ex-
traction shows retension of the bulk structure with more

radical disrupture of the individual fibers. For one-hour
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Figure 51. Cellulose residue from treatment (250°C, 1 hr) and pyridine extraction
(a) ZnClZ-CHBOH (b) ZnClz—HZO
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Figure 53. Wood chips after treatment with ZnCl,-CH;0H at 250°C
(a,b) Heatup only (¢) 1 hr reaction time
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treatment at 250°C, followed by pyridine extraction which
removes nearly all the organic content, the mainly mineral
residue (or "ash") respresents another complete change in ap-
pearancé (Figure 54c).

The effect of lower-temperature treatment, at ZOOOC, was
compared with the relatively successful treatment at 250°¢
which has just been described. Even at ZOOOC, great physi=-
cal and chemical change occur (Figure 55a), even with only
6% solubilization. The original structure has been fragment-
ed extensively. Extraction with pyridine again shows the
disarrangedkremains of the initial fibrous structure (Figure
56a). The effects are qualitatively similar to those with
heatup to 250°C, althouth the product has a different appear-
ance., The extensive deformation in both cases shows that a
relatively large amount of chemical reaction has occured,
even though it has not resulted in much pyridine-soluble

product.

Gel-Permeation Cﬁromatography

GPC analysis has been used to characterize the reaction
products more fully, and gain clearer insight into the
mechanisms of wood liquefaction. The effect of reaction
variables on the molecular-weight distribution was investi-
gated for various product fractions listed in Table 56.

Figure 57 shows the molecular-weight diétribution in
oils, asphaltenes, and preasphaltenes picd:_ .o in one hour

of treatment at 250°C. As expected, molecular size decreases
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100 pm {a) 25 pm (b)

25 pm {¢c

)
XBB 804-5023

Figure 54. ZnC12»CH3OH treatment (250°C) of wood after
pyridine extraction (a,b) heatup only
(¢) 1 hour reaction time



Figure 55.

Effect of temperature on

(a) 200°C (b) 250°C

ZnClz-CH3OH treatment

of wood

XBB 804-5026
for 1 hr at
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Figure 56. Wood residue after ZnClZ—CHSOH treatment (1 hr) and pyridine extraction

(a) 200°C (b) 250°C

-

<6



Table 56. Treatment Conditions and Extraction Yields for
Wood Samples Examined by Gel-Permeation Chromotography

(250 gm chlz, 50 gm CH3OH; 800 psig H2)

Recovered Solids, daf., Basis, %

Run Tgmp. Time Oils Asphaltenes Preasphaltenes
No. {7c) {min)

22 225 - 60 12 9 33

28 250 0 . 0 0 11

21 250 60 31 17 52

€6T
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in the order preasphaltenespasphaltenes)oils.

Paradoxically, more stringent reaction conditions serve
to increase the average molecular weight of the preasphal-
tenes, as their yield improves (Figure'SS). With heatup only,
the preasphaltenes are composed predominantly of low-mole~
cular-weight components, with a relatively low melting point
(Run 28, Table 57). The explanation is that during wood
solubilization, different chemical bond types are cleaved at
different extents of reaction, with the weakest bonds being‘
opened the earliest. Disappearance of the low-molecular-
weight products at higher reaction times can be ascribed
most probably to further hydrogenation (rendering them trans-
parent to the UV detector), and/or subsequent conversion to
asphaltenes and oils. Because of the low yield of Run 28,
the molecular weight distribution of asphaltenes and oils
could not be studied. |

The effect of reaction temperature on the molecular
weight distribution of the preasphaltenes is shown in Figure
59. Reaction at lower temperature (225°¢C) also gives lower
molecular weight components, again reflecting the lower ex-
tent of reaction. However, no significant difference was ob-
served in either the o0ils or asphaltenes, between the 225°

and 250°C runs.

Melting Point Determination

The melting points of representative product fractions

were determined, as shown in Table 57. Asphaltenes and
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Table 57 .

Melting points of the various extracts.

( 250 gm ZnCly, 50 gm CHBOH. )

Melting Points (°C)

Run Substrate* Temp. H, Time Cumulative Oils Asphaltenes Preasphal-
. Press. Pyridine

No. (°C) (psig) (min) Extractibles, % tenes

11 Cellulose 250 500 60 92 85-106 152-181 over 400

20 Lignin 250 500 60 85 §3-130 109-152 264+°

21 Wood flour 250 800 60 99 98-153T 258+5 over 400

24 Wood chips 250 800 60 98 82-129 220+F over 400

25 Wood chips 250 500 60 93 92-136  227+1 12745

26 Wood chips 250 200 60 99 81-112  2524% over 400

28 Wood chips 250 800 0 11 —_— — 103-158

29" Wood chips 225 500 60 16 —_— 108-137 147-5

307 Wood chips 225 500 60 46 86-116  168-276T over 400

32 Wood flour 225 200 60 26 _— 164-2417T over 400

S: A small percentage of sample melts leaving behind a solid residue.

*: Amounts used are given in Table 8.

25 gm CH,OH used.

++:

T: Tarry residue.

75 gm CH3OH used.

L6T
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preasphaltenes derived from lignin showed lower melting
points than those derived from cellulose. No significant
difference was observed between wood flour and wood chips.
While hydrogen pressure and reaction teﬁperature have no sig-
nificant effect on the melting points, reaction time had a
marked effect. Mere heatup produced preasphaltenes with a
melting-point range resembling that of asphaltenes, in gener-
al agreement with the gel-permeation chromatograph of the
preasphaltenes from Run 28 as discussed. above. Low methanol

loading produces higher-melting products.

- DISCUSSION

Reaction between a solid and a liquid depends greatly on
the effectiveness of contact between them. Hence the ability
of the zinc chloride-methanol melt to penetrate the pores of
wood particles to extract the reaction products, as shown by
scanning electron micrography, plays a major role in the
biomass liqueféction runs. The superiority of methanol over
water in achieving penetration of the wood structure may be
due to, first, its lower viscosity, and second, its greater
organic character and consequent compatibility with wood.

The scanning electron micrographs show that certain
parts of the wood fibers are weaker than others and hence
more easily solubilized. Swelling of the fibers, cutting
them into fragmented units, peeling of the topmost ltayers con-
stitute the first stages in wood solubilization. Having both

hemicellulose and lignin on the outer layers and equally
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sandwiched between blocks of cellulose molecules can explain
the scraping and peeling of outermost layers and cutting of
the fibers into fragmented units, cbserved under low-yield
conditions. |

Investigation of the low-conversion regime is needed to
throw more light on the conversion mechanism. Short contact
time (0-15 min.) at low temperatures (2000-225°C) will prove

useful.
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CHAPTER V

SUMMARY AND CONCLUSIONS
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- COAL

This investigation has provided new data on the re-
activity of coal at pre-pyrolysis temperatures. A very high
conversion of coal to oils has been acﬂieved; This has re-
sulted partly from the addition of finely powdered metals,
especially metallic zinc, it not being known whether they
dissolve or remain in suspension. Reasonable correlation
has been found between the yield of oils and the H/C ratio
of the melt-treated coal, reflecting the fact that consider-
able hydrogenation is required to form the oils.

Operating at higher temperatures gives improved yields,
0ils reaching a maximum at 325°%C. Nearly complete conversion
of coal to extractible products is achieved in 30-minute
reaction time at temperatures of 275° to 300°C; this conver-
sion tends to fall off at 325°C or above.

A staged progression of two or more reaction tempera-
tures in series has been found to increase both the overall
conversion and the yield of o0ils. Our results show that
initial treatment at 275°C is beneficial, preferable to pre-
treatment only at 250°C, and equivalént to pretreatment at
both 250° and 275°c. Comparing a run at 275°C with one at
300°C, or with a staged run at 2750/300°C, there is no incen-
tive to operate at 300°C. Operation at 300°C, instead of
275°¢ slightly increases methanol incorporation and slightly
reduces the H/C ratio. Increasing the temperature to 325°%
after an initial stage'at a lower temperacur:, hrings about

a substantial product improvement, including a 54% yield of
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oils.

It is also important to note that the preasphaltenes ob-
tained at 325°C are considerably different from those obtain-
ed at either 275° or 300°Cc. The higher-temperature preasphal-
tenes begin to melt at ZOOOC, and nearly 30% have melted by
400°C; whereas the lower-temperature preasphaltenes do not
melt below 400°C. In GPC studies, the higher-temperature
preasphaltenés show a lower average molecular weight with
fewer aromatic fused rings. SEM studies show that a complete
structural change has taken place in tﬁe 325°C treatment.

Increasing the reaction temperature to 340°C results in
degeneration of the oils, and further lowers the melting
point of the preasphaltenes. The former is highly undesir-
able and indicates the need after treatment at 325°C, for a
phase separation (not yet perfected) before undertaking any
higher-temperature treatment. The latter is of great signi-
ficance, since.it demonstrates that still higher temperatures
(or longer residence time at 340°C) could further convert
preasphaltenes to low—meltiﬁg~pcint components.

The effect of reaction time was studied at both 275°C
(between Oland 45 minutes) and 325°C (between 0 and 30 min-
utes). At 275°C, all product fractions increase with reac-
tion time; the most rapid increase is observed in the first
15 minutes. At 325°C, the yield of oils increases at a
fast rate for the first 15 minutes after which a moderate in-
crease 1s observed. The H/C ratio of the melt-treated coal

increases with reaction time, the bulk of the increase oc~
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curring in the second 15 minutes. Staged operation involving
20 minutes at 275°C and 20 minutes at 325°C, a combination
not actually tried, may give the best result.

The high conversions obtained’consﬁme a considerable
part of the batch charge of hydrogen'ﬁo the reactor. Main-
taining a high hydrogen partial pressure throughout the reac-
tion is shown to be beneficial, in terms of high yields of
oils and increased H/C ratio of the products. High hydrogen
concentration was maintained by recharging fresh hydrogen one
or more times during the reaction.

Methanol loading between 35 to 65 gm, for a zinc chloride
loading of 250 gm had no significant effect on product dis-
tribution. A particle-size change from -30 +60 mesh to =60 to
+100 mesh did not affect either coal solubilization or pro-
duct H/C ratio, confirming that intraparticle diffusion does
not restrict reaction rate under these operating conditions.

Zinc oxide in combination with metallic zinc appeared to
show beneficiai effects on coal conversion. However, when
used alone (2.5% of the melt), it reduced the catalytic ac-
tivity of zinc chloride. All the inorganic salts investigated
increased the yield of preasphaltenes, and had little effect
on the vield of oils and asphaltenes.

Of the complexants studied, urea and malconic acid showed
high levels of incorporation and resulted in a reduction in
coal conversion, whereas hexyl mercaptan and bipyridine in-
creased the yield of oils. Although added wetting agents

were highly incorporated, they did improve the yield of oils.
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Acetonitrile, added as a trial co-solvent with methanol,
strongly reduced the catalytic activity of zinc chloride.

In a study of alternate inorganic catalytic systems,
the antimony chloride~methanol system pioved to have high
catalytic activity even at low temperatures. At 2250C, 75%
conversion to pyridine-soluble materials was obtained, com-
pared to only 40% with zinc chloride. 1Its catalytic activity
diminishes when used in small amounts with zinc chloride.
Antimony chloride is difficult to separate from the reaction
products, and was strongly corrosive to stainless-steel reac-
tor internals.

As was previously known, very low conversions are obtain-
ed in phosphoric acid treatment, and it was thought desirable
to examine whether such treatment produces a refractory char.
When the phosphoric acid-treated coal wasAreacted in ZnClz-
CHBOH at 275°C, nearly complete conversion occurred, showing
that the coal had not been irreparably damaged.

Calcium chloride, investigated as a possible diluent for
zinc chloride, strongly reduced the catalytic activity when
used in massive amounts. The higher methanol content needed
to form a melt, and the possible increased formation of te-

trachlorozinc: anions may both have contributed to this result.

BIOMASS
The zinc chloride-methanol catalytic system has been
shown to be active in the solubilization of wood. The major

wood constituents, cellulose and lignin, showed. highirelativity
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and this effect was substantiated in later runs on wood flour
and wood chips. Irrespective of their particle size, both
forms of wood showed the same high levels of conversion. On
a dry, ash-free basis, a carbon recovery of 79% was obtained
with a charge of cellulose, and a 90% recovery for both wood
flour and wood chips.

Wood solubilization is highly temperéture-dependent,
starting witﬁ less than 10% conversion at 200°C and approach-
ing complete conversion at 250°C. Methanol incorporation in-
creased with temperature, and decreased with hydrogen pres-
sure leading to an incorporation of 0.17 gram of retained
methanol per gram of wood-derived organic producted in reac-
tions at 250°C with 500 psig of hydrogen.

Reaction is fast at 250°C with nearly 80% conversion in
the first 25 minutes, and near complete conversion in 60
minutes. The H/C ratio of the MTW depends somewhat on hydro-
gen pressure; a large increase occuring between 200 and 500
psig at 250°¢. |

Maximum catalytic activity of zinc chloride is observed
with roughly 0.85 mole methanol per mole of zinc chloride,
or 40 grams per 250 grams. At maximum catalytic activity,
methanol incorporation reaches a maximum, whereas the H/C
ratio of the product is at a minimum.

Under treatment, wood changes markedly in form before
solubilization begins. At low solubilization, the bulk of
the wood is converted to preasphaltemes, with oils and as~
phaltenes being formed as the reaction increases. Oxygen re-

moval correlates well with solubilization. Two forms of ox-
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ygen functionality are kinetically distinct, the first form
being easily removed whereas the second is more resistant to
attack.

SEM studies show that swelling and fragmenting of the
fibers are the first effects in conversion. Methanol is more
effective than water in enabling the catalyst to penetrate
the solid substrate.

Comparihg wood and coal, we find wood to be more reactive.
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- APPENDIX A

PRESSURE VARIATION WITH TIME DATA OBTAINED IN COAL STUDIES

Tables 34 to 37 show the effect of phosphoric acid,
antimony chloride, wetting agents, and complexants on the

pressure variation with time.
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Table 34 . Effect of phosphoric acid on pressure variation
with time

( 250 gm ZnCly, 50 gm Coal, 35 gm CH,OH; 275°C, 800 psig
H2, 30 min. )

No. (gm) (psig) (psig) (psi) (psi)
49" coal (50) 1190 1190 690 0
55 PIC (34)* 910 890 110 20

43 Coal (50) 1050 740 250 310

+ 15 gm C,H-OH added, 500 psig H,.
*  PTC — Phosphoric acid treated coal (obtained from Run 49)



Table 35. Effect of antimony chloride on pressure variation with time

( 250 gm ZnCl,, 50 gm Coal; 275°C, 30 min. )

Run Catalystf Solvent PH2 Prax Pfinal Poax™ PH2 Pmax' Pesal
No. (psig) (psig) (psig) (psi) (psi)
5 ZnCl, - CH40H 500 610 510 110 100
37t SbCl, CH,OH 800 1200 950 400 250
39 ZnCl, CH,0H 500 680 470 180 210 -
SbClg |
40T SbCl,  mome = 800 760 630 —40 130

*¥ Amounts used are given in Table 7.
+ Reaction at 200°C, 60 min.; ++ Reaction at 225°C, 60 min.

g€ce
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Table 36 . Effect of wetting agents on pressure variation
with time ‘

( 250 gm ZnClz, 50 gm Coal, 35 gm CHSOH;
275°C, 800 psig Hy, 30 min. )

Run Wetting Py Prinal Poax” PHZ Poax™ Pfinal
No. Agent** (psig) (psig) (psi) (psi)
43  none 1050 740 250 310
33  Oleic 1050 790 250 260
acid

42  DPTS* 1050 750 250 300

*¥  DPTS— Dodecyl para-toluene sulfonate
*#%  Amounts used are given in Table 7.



Table 37,

( 250 gm ZnCl,, 50 gm Coal; 275°C, 30 min. )

Effect of complexants on pressure variation with time

Run Complexants* CHBOH H,y P oax -Pfinal Poax™ Pmax' Pfinal
_ Loading Pressure
No. (gm) (psig) (psig) (psig) (psi) (psi)
38 none 35 800 1110 790 310 320
35 Urea - 35 800 1100 830 300 270
34 Malonic acid 35 800 1140 820 340 320
41  Hexyl mercaptan 35 800 1110 740 310 370
5 none 25 500 610 510 110 100
46  Bipyridyl 25 500 690 540 190 150
56 Sodium ferrocyanide 25 500 800 610 300 190

*

Amounts used are given in Table 7.

sce .
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" APPENDIX B

PRESSURE VARIATION WITH TIME DATA OBTAINED IN BIOMASS STUDIES

Tables 50 to 54 show the effect of reaction temperature,
time, methanol loading, hydrogen pressure, and various wood

components on pressure variation with time.



Table 50.

Effect of Reaction Temperature on
Variation with Time

Pressure

Run

Temp.

Max PFinal

PMax’PFinal

o H2 Max'-"H2
No. (7C) (psig) (psig) (psig) (psi) (psi)
23 200 800 1000 940 200 60
22 225 800 1090 920 290 170
21 250 800 1180 850 380 330

Lee



Table

51l: Effect of Reaction Time on Pressure

Variation with Time

Egn ?;?i) PHé Png PFipal PMaxTPHé PMax-Pﬁinal
’ (psig) (psig) (psiq) (psi) (psi)

28 0 800 1100 1100 300 0.

27 30 800 1100 905 300 195

24 60 800 1130 840 330 290

8zc



Table 52: Effect of Methanol Loading on Pressure

Variation with Time

Run Methanol P P P.. P -P P -P_,.

No. Loading H, Max Final Max "H, Max “Final
(gm) (psig)  (psiq) (psig) (psi) (psi)

30 25 500 640 560 140 80

31 50 500 760. 670 260 90

29 75 500 930 840 430 90

6C¢



Table 53. Effect of Hydrogen Pressure on Pressure
Variation with Time

gg? ?8@?' ‘PH2 Png PFix:xal PMaxTPH PMax_PF@nal
(psig) (psig) (psig) (psi) (psi)

26 - 250 200 540 420 340 120

25 250 500 955 680 455 , 275

24 250 800 1130 840 330 ‘ 290

32 225 200 520 470 320 50

22 225 800 1090 920 290 170

o€z



Table 54: Pressure Variation with Time Data Illustration the Effect of ZnClz—
CH.OH Solubilization of Wood and Its Constituents

T€C

3

ggn Substrate PH2 PMax PFinal PMax;PH2 PMax-PFinal
) (psig) (psig) (psig) (psi) (psi)

11 Cellulose 500 810 635 £310 175

20 . Lignin - 500 830 550 330 ‘ 280

21 . Wood flour 800 1180 850 380 330

24 Wood chips 800 1130 850 330 290



Run Temp.

No. °C
Untreated
2275

3

4

5

6

7

8

9

10 275
11* 250

250/

12 "300
13 275
14

15

16

18% 250
19 275
20% 250
21% 250
22% 225
23% 200
24% 250
25% 250
26% 250
27% 250
28% 250
29* 225
30*

31*

32% 225
33 275
34

35
36

37

38

39
40 200
41 275
42

43

44

45 275
46 275
47

APPENDIX C.

Pres.

PS1ig

500

800

500
500

500/
20 0,

500

800
500
500
500
800
800
800
800
500
200
800
800
500

200
800

800
800

800
500

Time MeOH Zn Other

60
30

30
30

232

min_ _g g Additives
.976 .014
30 25 4 CaC12,20 1.018 .010
"-Zno0,5 .964 .011
Sn,7 " 1.044 .009
- " .893 .114
- "iMo,6 .888 .009
".A1,2 .737 .011
30 1 - .99 .01
4 CaClz’éég’z 1.16
30 25 - ",20;Fe,1 .99 .01
60 50 Cellulose,17 1.02 .004
90 Hp0,25 1 - 1.017 .012
30 25 - CaClp,20;Ni,1 .91 .014
" Co,1 .94 010
" Ma,1 .95 .011
Fe,10;" 1.17 .010
60 H20,25 Cellulose,l7 .73 0
30 13 MeCN,12 .90 .014
60 50 Lignin,50 .99 .004
Woodflr,20 1.06 .006
" .96 .002
" .86 .001
Woodchp,20 .91 .0
" .98 .0
" .75 .001
30 50 " 1.01 .001
0 50 " .87 .001
60 75 " .93 .004
25 " .93 .002
50 " .84 .005
60 50 o .73 .002
30 35 Oleic,7.5 .65 .01
Malonic,2.6 1.02
FeC12,4;NiClz,5 .012 °

FeCl,,4;NiCl,,5 .62 .011

Ured, 5 .

45 FeCla43NiCly,5) 00 008
P4

25 SbCl3,228 4 32 007

no ZnCl2
35 FeC12,4;N1012,5 1.02 .01
25 SbC13,25 .86 .01

ZnCly,91

0 Sbci§i153 .95 .01
FeCl2,473NiCl12,5

35 "t osH, 105 1-03 009

CH,S0,C, ,H,yq,1 1,01 .009

777773
none 1.01 .01
4 1.03 .01
ZnCl 79
65 0801§:158 .60 .01

25  Bipyridyl,2 .89 .01
Zn(CN),,5 1.01 .01

C

.255

.069
.062
.161
.102

.027
.07

.07

.08
.066

.21

.11
174
. 140
.012

.09
.20

.027
.039
.040
.025
18
.10

.113
.019
.076
.095

.103

045
.027

.06
.09

.089
.075

.025
.04
.24

.07
.09

H/C N/C 0tS Solv.

ROSTER OF EXPERIMENTS

Hex Tol Pyr Corr
Incor Soly Soly Soly Pyr
% % YA %
.095 38.5 46.5 85 84
.17 36.7 46.9 83.6 80.8
.084 36 39.4 75.4 73.4
.11 31 58 89 88
.130 31.8 54.0 85.8 83.9
.205 41.9 43.0 84.9 81.8
L047 31.4 462.9 74.3 73.1
.04 36.4 45.3 81.7 80.5
.09 38.9 43.6 73.6 71.7
.312 38.2 55.9 94.1 92.3
0 7.5 12.1 19.6 19.6
.17 30.0 38.9 68.9 64
.14 31.5 38.8 70 66
.14 29.4 36.7 66.2 61
.025 18.1 40.9 72.7 72
0 .6 14,1 14.1
.074 0 13.3 56.3 53.1
.156 19.3 37.5 87.2 85.2
174 28.3 44 92 91
.135 11.7 20.4 53.8 48
0. 0.2 5.5 5.5
.10 33.9 46.7 94.2 93.8
.108 33.7 44.1 94.0 93.4
.322 36.9 49.4 99.5 99.3
.113 30.3 45.4 85.3 84
0.1 0.4 10.6 10.6
3.1 7.8 15.7 15.7
.108 15.2 22.2 51.0 45.7
.238 10.6 21.8 64.6 56.2
.29 9.4 14.5 42.3 36
.69 26 39 100 70
.15  25.0 35.4 95.5 94.8
.55 12 22 73 55
.23 32 46 91 89
8 14 75 75
.123  26.5 39 100 100
.150 14.9 28.9 92.4 91
.045 1.0 3.1 29.8 26.6
.14 26.4 39.9 99.9 99.9
.158 27.3 39.5100 100
.116 22.3 37.0 100 100
.118 29.6 45.5 00 100
Lb 3.4 5.4 20.8 17
L1746 18.7 30.9 93.6 92.5
.12 18.2 30.7 94.8 94
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Run Temp. Pres. Time MeOH Zn Other H/C N/C 0+S Solv. Hex Tol Pyr Corr
No. C_ psig min _g g Additives ¢~ Incor Soly Soly Soly Pyr

48 275€0,200 60 “EO.72 TACI2:30 102 .01 .19 75 3.7 57161 8
. i 2’

EtOH,15 H3P0Z,135
49 275 500 30 B015 Zsclp,35 88 01 .16 .1l 5.4 8.0 31.7 24.2

50 800 25 210, 7 .97 .01 .08 .146 17.2 28.9 71.8 67.7
51 800 35 8 1.15 .01 .06 .05 31.9 47.1 100 100
52 500 25 - AgCl,3 .91 .01 .06 .17 15.3 27.9 100 100
53 CuCl,,6 .83 .01 .03 .20 15.5 27.3 100 100
54 300 : .88 .01 .04 .16 16.7 30.9 91.9 91
sst 275 800 30 35  #49 prod,3: .86 .01 .07 .17 14.3 29.4 98.3 98
56 275 500 30 25  Na,Fe(CN)4,5 .93 .01 .09 .146 16.0 28.5 82.8 80
57 NH,C1,5;2n0,4 .98 .01 .09 .15 16.7 29.6 98.6 98.4
: C0; 300 . .
38 By 300 FeCl,,7;FeCl,5 .85 .012 .068 .22 15.3 27.3°76.9 71.8
59 500 none .96 .009 .07 .30 22.2 34.1 100 100
(Z75 800 30 286
60 §325 500 30 1.06 .011 .07 12.1 20.3 66.0
275 800 30 +14 more coal, 50 N
61 275 500 30 25 8 DPTS(p8L)1.41.02 .009 .09 .13 23.5 35.2 99 98
"o .
62 " NM4C1,5;Zn04 .98 .010 .09 .14 19.4 31.2 82.7 80
800 15 ,
63 275 (800 15; 35 8 -- 1.09 .010 .05 .09 35.5 50.4 98.0 98.:
(800 15)
64 275 500 30 25 - fine grind .96 .01l .06 .09 14.9 27.9 84.0 82
65 GaCl3,2.5 .80 .01l .06 .21 14.0 25.7 91 89
66 Znl,,7.5 .89 .010 .07 .18 14.0 27.3 9.8 97
.- (@75 800 15)
67 £3oo 800  15) 35 8  ~-- 1.11 .008 .01l 51.3 65.4 100 100
(325 800 15)
75800 15
68 (500 go0 12 1.11 .009 .02 .06 37.7 50.3 99.3 99
75800 15
69 (300 no 15 1.10 .010 .021 45.9 56.4 100 100
325 reprn., 15
70 275 800 15 - 1.00 .009 .04 .15 30.7 44.5 99 99
71 0 ,.94 .010 .14 .13 9 17 59 55
72 325 800 30 1.08 .003 .02 45.6 59.8 97.2
55800 15
73 5300 800 15 1.19 .007 .03 54 64 100 100
325 800 30

(275 gog 13)
300 80 1

74 2325 800 153 1.13 .007 .09 50.8 60.0 100 100
(340800 _ 15)

5 275 800 30 35 TRG2] .99 .009 .04 .181 30 45 100 100
, .
(275 800 15
76 §300 800 15 35 8 == 1.1 .010 .040 .046 37 55 100 100
325 800 0
77 300 800 30 35 8 1.04 .010 .021 .088 33 50 100 100
(%50 800 10
75 no repr. 10
78 3300 soePT" 10y 35 8 1.06 .008 .025 .014 39.6 55.1 99.7 99
325 no repr. 10
79 (same as run 78) 35 - 1.09 .008 .06 .056 26.9 36.5 100 100
80 (Same as run 78 ) 35 8 MeSalic,5 1.09 .009 .063 33.8 47.4 100 100
81 (same as run 78 ) 35 8 - 1.20  .008 .113 39.0 51.6 100 100
(275800 15)
82 (300 800 30) 35 8 C-- 1.;0 .009 .049 .05 34.5 52.4 98.9 98.1
NiCl,,5 1.19 o
same as run 78 ) ] . . . . .
83 (same as run 78 (NH4)3M07024,5) 010 0%1 31.0 43.3 96.6 96.0
86 (same as run 78 ) 50 8 .o 1.25 .008 .04 41 53 100 100
87% 250 80 60 50 <« Peat,20 1.2 .01 .19 41 55 88 88
88* Lignite,50 .88 .01 .24 .20 12 19 41 30

89* " 20 .80 .01 .29 29 40 83 78






